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Lipids were extracted in order to explore the microbial communities in eleven 
biofilms and four layers of two stromatolite samples, from the Green Valley acid mine 
drainage site in western Indiana.  The high concentrations of phytadiene, polyunsaturated 
fatty acids, phytol, phytanol, and monounsaturated fatty acid 18:1∆9 in the biofilms indicated 
the abundance of phototrophs, including microeukaryotes, algae (mainly diatoms), and fungi. 
Wax esters in the hydrocarbon fraction possibly suggested the presence of localized 
anaerobic zones within the biofilms, where the microeukaryotes synthesized the esters by an 
unusual reverse β-oxidation pathway. Other microbial communities in the biofilms mainly 
included sulfate-reducing bacteria (SRB), and Gram-positive bacteria. The contribution of 
cyanobacteria to the lipid pool was not very significant. The trans/cis ratio of 
monounsaturated fatty acids can be a good indicator of the physiology of the biofilms, 
indicating whether it is attached or floating, and further depicting the nutrient conditions in 
which they thrive. The primary cause of 13C enrichment in the GVS biomarkers has been 
attributed to a carbon-limiting system existing in the mine environment. The depletion of 
carbon is the result of increased sulfate, resulting in lowering of pH in the AMD. Both 
autotrophic and heterotrophic eukaryotes were detected by the biomarker study. While the 
autotrophs used aqueous CO2 for carbon fixation, heterotrophs either used the autotrophic 
dissolved organic carbon (DOC) or C3/C4 organic matter for the same. A model for carbon 
flow has been proposed to explain the biogeochemistry in GVS.
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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
 This research deals with the lipid profiling and stable carbon isotope ratios of lipid 
biomarkers associated with the microbial communities in an acid mine drainage (AMD) site 
in western Indiana. AMD sites have been the topic of research for two primary reasons. First, 
it is a serious environmental problem involving increasing acidity in the mine site, and 
second, the range of microbial communities inhabiting such an extreme environment is 
surprisingly high (Akcil and Koldas, 2006; Baker et al., 2004), and involves biogeochemical 
processes not recorded elsewhere. This research was carried out with the aim to explore the 
microbial communities inhabiting AMD, and the biogeochemistry involved therein. 
AMD is caused by surface or deep mining, and is typically highly acidic with 
elevated levels of dissolved metals. AMD formation is primarily a function of the geology, 
hydrology, and microbiology at a mine site. It is generated from the oxidation of sulfides 
present in the waste materials in the around the mine site. With increased mining activities, 
the surface area of the exposed ore bodies increases, thus, making it more susceptible to 
interaction with air and water, and thereby increasing the rate of acid generation (Baker and 
Banfield, 2003). In the Green Valley coal mine site (GVS), AMD is produced when sulfide 
minerals, mainly pyrite (FeS2), contained in coal and coal waste material are oxidized during 
the weathering processes (Brake et al., 2001a). All these reactions are directly or indirectly 
influenced by microbial metabolic activities (Baker et al., 2003). 
 Biomineralization in AMD environments is generally attributed to bacteria and is 
described as incidental formation of minerals on cell walls as a byproduct of biological 
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activity, or as a consequence of passive nucleation (e.g., Konhauser, 1988; Ferris et al., 
1989), contributing to a rigid structure that has high probability of preservation (Degens and 
Ittekkot, 1982., Fortin et al., 1997). On the other hand, preservation of single-celled 
eukaryotes (or protozoans) has a negligible probability, since it cannot survive intense 
degradation and diagenesis (Knoll, 1985; Schopf, 1999). Hence eukaryotes were often 
overlooked in the study of Earth history since their body fossils are recorded much later in 
the geological record (Knoll, 1985). As a result, most case studies in the past were based on 
bacterial activities in AMD environments. It cannot be ignored however, that, the origin of 
eukaryotic cells is considered to be the most important evolutionary step for life (Schopf and 
Oehler, 1976), since all muticellular organisms descended from single-celled eukaryotes 
(Awramik, 1981). Brake et al. (2001a) first identified the eukaryote Euglena mutabilis as one 
of the most dominant species at GVS in western Indiana. This acidophilic, highly oxygenic, 
photosynthetic, and mat-building protozoan is the most dominant microbe in the GVS. It also 
contributed to the formation of Fe-rich bioorganic structures, known as stromatolites, in the 
AMD system.  
This particular AMD environment dominated by eukaryotic microorganisms that 
form Fe-rich stromatolites is a classic site for studying the biogeochemical processes 
operating in nature. The abandoned GVS is characterized by moderate to highly acidic water, 
high concentrations of Fe+2, and high concentrations of dissolved oxygen (Brake et al., 
2001a, 2001b). The diversity of microbial communities present in such environment is 
restricted due to the highly acidic water and presence of metals like Fe, Mg, Mn, Si, Pb, Zn, 
Cd, Cr, Ni, Be, and V (Brake et al., 2001b). Under these conditions, communities dominated 
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by E. mutabilis build extensive microbial mats. It also contributes Fe to the stromatolites in 
various ways (Brake et al., 2002).  
The immediate primary objectives of this research work were: 
(a) To identify microbial communities in biofilms by lipid biomarker studies, and 
to understand the significance of the presence of those biomarkers.  
(b)  Determine carbon isotope composition of the lipid biomarkers in the biofilms 
and use the results to understand the type of carbon source used by the microbial 
organisms, the metabolic pathways they follow, and the biogeochemical processes 
involved therein.  
Thesis Organization 
 The thesis is divided into six chapters. Chapter 1 gives an introduction to the research 
work conducted, the objectives, and a brief literature review about related past studies. It is 
followed by a section of “References” for the published works cited only in this chapter. 
Chapter 2 is the first paper dealing with the lipid biomarker studies of the biofilms in GVS 
AMD. Chapter 3 is the second paper about the carbon isotopic studies of the biofilm 
biomarkers and its significance in a biogeochemical perspective. Chapter 4 is the third paper, 
and it relates to the lipid biomarker studies conducted with layers of a stromatolite, sampled 
from GVS. The information about the authors of the papers is as follows: 
Shamik Das Gupta: Primary researcher and author, Iowa State University (Papers 1 and 2); 
second author and conductor of lipid biomarker analysis (Paper 3) 
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Jiasong Fang: Corresponding author (Papers 1 and 2); Primary author (Paper 3), and 
Associate Professor, Department of Natural Science. College of Natural and Computational 
Sciences. Hawaii Pacific University, Kaneohe, HI 96744, United States. 
Sandra S. Brake: Associate Professor, Department of Earth and Environmental Systems, 
Indiana State University, Terre Haute, IN 47809, United States. 
Stephen T. Hasiotis: Associate Professor, Department of Geology and Natural History 
Museum and Biodiversity Research Center, 1475 Jayhawk Blvd., 120 Lindley Hall, 
University of Kansas, Lawrence, KS 66045-7316, United States. 
Dennis A. Bazylinski: Professor, School of Life Sciences, University of Nevada, Las Vegas 
4505 Maryland Parkway, Las Vegas, NV 89154-4004, United States. 
Chapter 5 is a short overview of the biomarker study conducted with two stromatolite 
samples sampled from the GVS. Since, very similar studies have been conducted by Fang et 
al. (2007) (Chapter 4), the discussion in this chapter (chapter 5) is kept rather concise. 
Chapter 6 is about the general conclusions of this research and scope for future works. Both 
chapters 5 and 6 are followed by a list of references relevant to the particular chapter. 
All the tables of each chapter are given at the end of that particular chapter.  






 Although no work has been conducted related to the lipid biomarker studies of 
biofilms in AMD sites prior to this research, some related studies have been done in the past 
two decades exploring the microbial organisms in AMD sites. 
 AMD systems have been reported in the Rio Tinto River, Spain (Amaral Zettler et al., 
2002; Gonzales-Toril et al., 2003; Lopez-Archilla et al., 2004), GVS, Indiana (Brake et al., 
2001a, 2001b, 2001c, 2002, 2004), and Richmond Mine at Iron Mountain, California (Bond 
et al. 2000; Edwards et al. 2000; Baker et al., 2003; Druschel et al., 2004). Microorganisms 
contribute to a vast array of biogeochemical cycles, among which are oxygenic 
photosynthesis, sulfur oxidation-reduction, methanogenesis, fermentation, and respiration. 
This diversity allows microorganisms to survive in environments that have finite nutrients 
and low pH, as occurring in acidic mine effluents in AMD environments (Blowes et al., 
2003).  
Microorganisms of phototrophic, chemolithoautotrophic (Fe- and S-based), and 
heterotrophic metabolism are found in many AMD systems. These include microbes in two 
archeal and eight bacterial divisions adapted to acidic, metal-laden environments (Baker and 
Banfield, 2003). 16S rRNA cloning studies (Bond et al., 2000) in the abandoned Richmond 
mine in California revealed the presence of novel organisms from the Leptospirillum, 
Thermoplasmales, Sulfobacillus, Acidomicrobacterium, and Acidiphilium groups (Edwards et 
al., 2000; Bond et al., 2000). Yang et al (2007) reported that Acidithiobacillus ferrooxidans 
represented 88% of the bacterial population in a sample from an AMD site in Dabaoshan 
Mine, China, by sequence data and phylogenetic analyses. A similar work by He et al (2006) 
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explored two AMD samples from Yunfu sulfide mine in China by a PCR-based cloning 
approach. Phylogenetic analysis revealed that four main divisions were present in the 
samples  Nitrospira, α-Proteobacteria, β-Proteobacteria, and γ-Proteobacteria. Diatom-
dominated biofilms were found in the GVS in western Indiana (Brake et al., 2004). It was 
also evident that Fe-rich stromatolites underlie the biofilms and consist of distinct laminae. 
The iron in these stromatolites was mainly found to be contributed by the microeukaryote 
Euglena mutabilis (Brake et al., 2002).  
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CHAPTER 2. LIPID BIOGEOCHEMISTRY OF MICROBIAL 
BIOFILMS IN AN ACID MINE DRAINAGE SITE, INDIANA 
 
A paper to be submitted to The Journal of Organic Geochemistry 
Shamik Das Gupta, Jiasong Fang, Sandra S. Brake, and Stephen T. Hasiotis 
 
Abstract 
 Lipid biomarker analysis of microbial biofilms from the Green Valley acid mine 
drainage site (GVS) in western Indiana allowed identification of microorganisms inhabiting 
the biofilms.  Elevated concentrations of phytadiene, polyunsaturated fatty acids, phytol, 
phytanol, and polyunsaturated alkenes in the biofilms indicate the abundance of phototrophs, 
including microeukaryotes (mainly Euglena mutabilis), and algae (mainly diatoms). Fungi is 
present, but not in equal abundance as phototrophs. Exceptionally high proportion of 
polyunsaturated n-alkenes in the biofilms points to the presence of algal communities. The 
fatty acids 8Me-16:0, and 17:1∆9 in the fatty acid profiles indicate the presence of sulfate-
reducing bacteria. Other microorganisms in the biofilms include Gram-positive bacteria and 
acidophiles, such as Acidithiobacillus ferrooxidans. The contribution of cyanobacteria to the 
lipid pool was not significant. The detection of wax esters in the hydrocarbon fraction is 
indicative of microbial response to the stressed conditions at the GVS and suggests the 
presence of localized anaerobic zones within the biofilms, where the microeukaryotes 
possibly synthesize the esters by an unusual reverse β-oxidation pathway. The trans/cis ratio 
of monounsaturated fatty acids may be a good indicator of the biofilm physiology, indicating 
whether it is attached or floating, and further depicting the nutrient conditions of the 
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environment in which they live. The study of microorganisms in the GVS biofilms by lipid 
biomarker analysis offers direct evidence for the interpretation of Fe-rich stromatolites, and 
can be used as a proxy for studying the microbial communities of the primitive Earth when 
such extreme conditions prevailed and the first Fe-rich stromatolites were formed. 
Introduction 
 Microbial biofilms are consortia of microorganisms concentrated usually at a solid-
liquid interface and surrounded typically by an extracellular polymeric substance (EPS) 
(Stoodley et al., 2004). Biofilms are of considerable importance because the 
organosedimentary structures (i.e., biolaminates or stromatolites) they sometimes form are 
the first evidence of life in the early rock record; for example, filamentous microfossils were 
identified in the 3.2-billion-year-old Pilbara Craton, Australia (Rasmussen, 2000). In the 
context of evolution, it is likely that biofilms provided homeostatis in the face of a primitive 
Earth with extreme temperatures, pH, and exposure to ultraviolet light (Stoodley et al., 2004). 
Such environmental conditions would prohibit the survival of most organisms. Early life in 
biofilms may have survived these conditions by secreting EPS.  The role of EPS is 
commonly viewed as a binding mechanism to provide mechanical stability (Flemming et al., 
2007); however, several studies indicate that it also acts as a barrier to adverse conditions, 
particularly with regard to attenuating UV light exposure (Elasri and Miller, 1999; Chem et 
al., 2008). Microbial cells within a biofilm are believed to communicate by sensing and 
releasing small diffusible signal molecules in a process known as quorum sensing (e.g., 
Diggle et al., 2007). This process enables a community of microbes to regulate gene 
expressions collectively and, therefore, control behavior on a community-wide scale (Henke 
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and Bassler, 2004). Biofilms can grow as photosynthetic mats (Reysenbach et al., 2000), or 
even as mound-like structures similar to stromatolitic structures (Stoodley et al., 2004).  
 The formation of biofilms and their associated stromatolitic deposits is often 
attributed primarily to prokaryotes (e.g., Jahnke et al., 2001) because they posses the ability 
to catalyze redox reactions (e.g., Colmer et al. 1950; Kleinmann and Crerar 1979; Suzuki et 
al. 1990) that may lead to biomineralization (e.g., Lazaroff et al. 1982; Ferris et al. 1989; 
Bigham et al. 1990; Kim et al. 2002). The contribution of eukaryotes to the formation 
stromatolites, on the other hand, is often overlooked since their body fossils are rarely 
preserved in the geologic record (Brake et al., 2002; Fang et al., 2007).  
 The abandoned Green Valley coal mine site (GVS) in western Indiana, U.S.A., offers 
the unique opportunity to study eukaryote-dominated biofims that build stromatolitic deposits 
under adverse conditions in an acid mine drainage (AMD) system. Previous studies (Brake et 
al., 2001a, 2001b, 2002, 2004) reveal that three biofilm communities dominate the GVS 
AMD system: 1) bright green biofilm dominated by the acidophilic, oxygenic photosynthetic 
protozoan Euglena mutabilis, 2) olive green to brownish-green biofilm composed of 
primarily of photosynthetic diatoms belonging to the genus Nitzschia, and 3) an apple-green 
filamentous algae-dominated community. Microscopic examination showed that prokaryotic 
cells (Gram-positive and Gram-negative cocci and bacilli) were found beneath these biofilms 
as well as in surrounding areas (Brake et al., 2002).   
 The associated Fe-rich stromatolitc deposits cover the bottom of constructed AMD 
channels at the GVS.  The stromatolites exhibit distinct laminated textures formed primarily 
by the photosynthetic eukaryotes Euglena mutabilis (Brake et al., 2002) and diatoms (Brake 
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et al., 2004). Brake et al. (2002, 2004) proposed that Euglena and diatoms contribute directly 
or indirectly to the formation of stromatolites primarily through phototactic and aerotactic 
activities, in a way similar to prokaryotes that build marine stromatolites, by binding Fe and 
Al chemical precipitates that periodically cover the biofilms. Additionally, Brake et al. 
(2002) showed that E. mutabilis contributes Fe to the stromatolites by storing Fe in 
intracellular vacuoles as Fe-granules and releasing them at the sediment-water interface after 
death.  
 Fang et al. (2007) analyzed lipid biomarkers extracted from the different layers of a 
stromatolite from the GVS and found that the distribution of biomarkers and microbial 
community structure correlated well with the layered structure of the laminated stromatolite. 
The biomarkers indicated that microorganisms in the AMD stromatolites at GVS represent 
all three domains of life (Archaea, Bacteria, and Eukarya) with microeukaryotic phototrophs 
dominating the microbial groups (Fang et al., 2007).  These occurrences may be important in 
the interpretation of the geologic record, particularly with regard to the contribution of 
eukaryotic microorganisms in forming ancient Fe-rich stromatolites in such deposits as 
banded iron formations (BIF) during the Late Archean-Early Proterozoic.  
 Research at the GVS has focused primarily on the Fe-rich stromatolites, with limited 
attention to the biofilm communities that form the stromatolitic layers. This study aims to 
explore the microorganisms inhabiting the biofilms at the GVS by analyzing lipids, which are 
important biological components of both prokaryotic and eukaryotic cells. Lipid analyses of 
these potentially ancient stromatolite analogues may offer some direct evidence of their 
biogenic origin and provide valuable insights into the microbial diversity and biological 
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activities associated with the formation of similar ancient stromatolitic structures (e.g., 
Jahnke et al., 2004; Fang et al., 2007). Specifically, the lipid biomarkers extracted from 
biofilms at the GVS were used to determine the microbial organisms present in different 
biofilms. The distribution of biomarkers is discussed with respect to microbial community 
structure and physiology in the various biofilms. 
Materials and Methods 
Study site 
 Mining was active at the GVS from 1948 to 1962.  Approximately 14 million tons of 
coals were extracted from two underground operations along with about 5 million tons of 
waste material, which was dumped into piles and into several tailing ponds (Brake et al., 
2001a). The site was reclaimed in 1994 by constructing a single, low relief mound of waste 
material (Brake et al., 2004).  Numerous acidic seeps have developed in the reclaimed waste 
pile, with AMD flowing across the surface of the pile through several constructed channels 
(Brake et al., 2004). 
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Figure 1: Location map of the Green Valley coal mine site in western Indiana. Sites 1, 2, and 
3 are marked as S1, S2, and S3, respectively.   
 
The pH of the acidic water ranges from 2.0 to 3.5 with high concentrations of total 
dissolved solids (TDS) up to 20 g l-1, including up to 63,000 mg l-1 SO4-2, 3,000 mg l-1 Al3+, 
2,300 mg l-1 Fe+2, and up to 600 mg l-1 Cl- (Brake et al., 2001a). Concentrations of trace 
metals are also elevated. Only one of the constructed channels maintains continuous effluent 
flow and is referred to as the main effluent channel. 
Fieldwork at GVS was conducted in October 2006, to collect eleven biofilm samples 
from three sites (S1-S3) in the main effluent channel (see Fig. 1 for site locations). Dot and 
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dashed lines represent constructed AMD channels. Biofilm types—E. mutabilis-, diatom-, 
algae-dominated—were easily recognized due to their color (Brake et al., 2004).  Fragments 
of the biofilms were detached from the channel surface and placed into sterile test tubes by 
scraping the lip of the tube over the biofilm. Hand specimens of stromatolites were also 
collected with a trowel and placed into airtight plastic containers. All the samples were stored 
on ice in coolers for transport to Iowa State University for biogeochemical analyses.  
 Lipid extraction and fractionation 
 Total lipids were extracted at room temperature in test tubes containing a solvent 
mixture of methanol:dichloromethane (DCM):phosphate buffer (50 mM, pH 7.4) (2: 1: 1), 
following the technique described by Fang and Findlay (1996). The samples were then 
filtered through a glass fiber filter, and the filter paper was washed with DCM and deionized 
(DI) water in amounts that make the final ratio of the solvents 1:1:0.9 in the test tube. The 
upper methanol-water phase was removed with an aspirator. The lower DCM phase 
containing the total lipid extract was collected. The total lipid extract was dried using a 
nitrogen evaporator, with a gentle flow of nitrogen, and then redissolved in 500µl of 
hexane:DCM 70:30 (v/v) mixture. Total lipids were separated into hydrocarbons, neutral 
lipids, glycolipids, and phospholipids using miniature silicic acid columns (Supelco Inc., 
Bellefonte, PA) eluted sequentially with 5 ml of hexane, chloroform, acetone, and methanol, 
respectively.   
  Lipid analysis by gas chromatography-mass spectrometry 
Phospholipid and the glycolipid fractions were subjected to mild alkaline trans-
methylation to produce fatty acid methyl esters (FAMEs) as described in White et al. (1997) 
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and Fang and Findlay (1996). The neutral lipid fractions was dried under a stream of 
nitrogen, derivitized by adding 60 ul of N, O-bis (trimethylsilyl)-trifloroacetamide, and 
heated at 65 oC for 40 min to produce trimethylsilyl ethers of sterols and alcohols (Fang and 
Findlay, 1996). 5α-cholestane was used as an internal standard.   
All the lipids were analyzed on an Agilent 6890 Gas Chromatograph (GC) interfaced 
with an Agilent 5973 N Mass Selective Detector. Analytical separation of lipids was 
accomplished using a 30 m × 0.25 mm (internal diameter) DB-5 fused-silica capillary 
column (J&W Scientific, Folsom, California). Column temperature was programmed from 
50 ⁰C to 120 ⁰C at 10 ⁰C min-1, then to 310 °C at 5 ⁰C/min, and held at 310 °C for 20 min. 
Individual fatty acids were identified from their mass spectra.  Sterols and triterprenoids were 
identified based on retention times and comparison with published mass spectra (Méjanelle et 
al., 2000).  Concentrations of individual compounds were obtained based on the gas 
chromatograph-mass spectrometer (GC-MS) response relative to that of an internal 
standard—C18 fatty acid ethyl ester for fatty acids and 5α-cholestane for hydrocarbons, and 
neutral lipids.  The double bond position of monounsaturated fatty acids (MUFAs) was 
determined following methods described by Dunkleblum et al. (1985). Method blanks were 
extracted with each set of samples and were assumed to be free of contamination if 
chromatograms contained no peaks (Fang et al., 2007).  
Fatty acids are designated by the total number of carbon atoms:number of double 
bonds; for example, stearic acid with 18 carbon atoms and no double bond is represented by 
18:0. The position of the double bond is indicated with a ∆ number closest to the carboxyl 
group with the geometry of either c (cis) or t (trans). Terminal methyl-branching is indicated 
by i (iso) or a (anteiso), and mid methyl-branching is indicated by the position of the methyl 
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group from the carboxyl group of the fatty acid (e.g., 8Me16:0). Cyclopropane fatty acids are 
indicated by cy (e.g., cy19:0). 
Results 
Description of the biofilms 
The location and visual description of the biofilms collected for this study are given 
in Table 1 (see Fig. 1 for locations). BF2, BF4, BF6, and BF9 represent floating communities 
consisting mainly of E. mutabilis cells (Fig. 2A), which were released from attached biofilm, 
that ponded on the surface behind obstructions in flow. Bubbles of oxygen from 
photosynthesis, and fine, amorphous Fe-rich precipitates were attached to the scum, probably 
due to surface tension, with the latter forming a thin reddish crust on part of the floating 
community. BF3 is composed of a unique linked chain of snake-like floating diatoms (Fig. 
2B) that accumulated on the surface of the effluent. Some sections of this biofilm were also 
partially encrusted with Fe particles.  BF7, BF7A, and BF8 are attached diatom-dominated 
benthic biofilms (Fig. 2C) that have a fuzzy appearance because the diatoms are loosely 
bound by copious amounts of mucilage. Filamentous algae (Fig. 2D), consisting of long (~8 
cm) benthic streamers of entwined filaments, dominated BF10.  Algae-dominated biofilms 
were most often located on Fe-rich terraces in areas of faster water flow.   Samples BF5 and 






Table 1: Biofilm sample locations and descriptions 
Biofilm Location Description 
BF2 Site 1: About 450 m northeast of confluence 
between West Little Sugar Creek and the 
main effluent channel 
Floating E. mutabilis community 
encrusted with Fe precipitates  
  
BF3 Site 2: About 50 m upstream from site 1 Snake-like floating  diatoms (~9 cm 
wide); fine Fe-particles encrusting 
part of the community surface 
BF4 Site 2: Approximately 6 m upstream of 
sample location BF3  
Floating E. mutabilis-dominated 
community with attached oxygen 
bubbles 
BF5 Site 2: Pool in upper part of the main effluent 
channel 
E. mutabilis-dominated benthic 
biofilm 
BF6 Site 2: Quiet pool with floating  E. mutabilis Floating E. mutabilis-dominated 
community with abundant oxygen 
bubbles and some Fe-coloration 
BF7 Site 2:  Deeper (7 cm) pool with benthic E. 
mutabilis biofilm located throughout pool and 
diatom biofilm restricted to side of pool. 
Sample represents diatom-
dominated biofilm from side of pool 
BF7A Site 2: Similar as location BF7, about 1 ft 
away from the side of the pool 
Sample represents benthic diatom-
dominated biofilm on side of pool 
BF8 Site 3: About 70 m upstream of site 2 in main 
effluent channel, just north of the confluence 
of main effluent channel and a side channel 
Diatom-dominated benthic biofilm 
on the side of deep pool (~25 cm 
deep). 
 
BF9 Site 3:  Sides of main effluent channel Floating E. mutabilis-dominated 
community encrusted with Fe 
particles  
BF10 Site 3: Sections with iron-rich terraces Benthic algae-dominated biofilm on 
slopes between terraces 
BF11 Downstream from sample location BF10, 
near site 2  




Figure 2: Field photographs of biofilms at the GVS site. A: Floating E. mutabilis-dominated 
community; ratio scale (in cm) is 1:7. B: Snake-like floating diatoms; ratio scale is 1:7. C: 
Small patches of fuzzy diatom-dominated benthic biofilm surrounded by thin l layer of E. 
mutabilis-dominated biofilm; ratio scale is 1:7.  D: Benthic filamentous algae forming 
streamers.  Streamers are attached to substrate in area containing patchy green benthic E. 
mutabilis biofilm on right side of photograph; ratio scale is 1:7 
Hydrocarbons 
The GVS biofilms are rich in n-alkanes, n-alkenes, phytadienes, and wax esters. The 
most notable feature of the hydrocarbon fraction is the exceptional abundance of phytadienes 
(Table 2, Fig. 3). The three isomeric phytadienes ((Z)-1,3-phytadiene, (E)-1,3-phytadiene, 
and (E,E)-2,4-phytadiene accounted on an average for about 50% of the total hydrocarbons 
in floating biofilms BF3, BF4 and BF9. The other biofilms recorded about 25-40% of 
phytadienes. Also significant is the detection of numerous polyunsaturated alkenes with 
carbon chain length ranging from 21 to 34 and the number of double bonds from 2 to 6. The 
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most abundant ones were C21:4, C21:5, and C22:2.  The concentrations of C21:4 and C21:5 were 
particularly higher in the attached biofilms BF10 and BF11. To the best of our knowledge, 
this is the first time that multiple polyunsaturated alkenes are found in a single sample. 
Another conspicuous characteristic of the hydrocarbon fraction is the presence of various 
wax esters. Wax esters accounted for about one-fourth of the total hydrocarbons in both 
attached and floating biofilms. Compared to wax esters found in higher plants (Avato, 1984), 
wax esters detected in the biofilms have shorter chain length (C25 to C30). The fatty acid and 
fatty alcohols are all saturated entities. 
 
 
Figure 3: Total ion chromatogram of the hydrocarbon fraction isolated from BF6. See Table 




Phospholipid  fatty acids (PLFA) 
The results for PLFA are given in Table 3. A representative chromatogram of PLFA 
is shown in Fig. 4.  
Table 3 indicates that polyunsaturated fatty acids (PUFAs) are the most abundant 
components in all the biofilms. Fatty acids 18:2 and 18:3 were the most dominant 
compounds in the biofilms among all PUFAs. BF11 had the highest amount of PUFA among 
the attached biofilms.  It should also be noted that saturated fatty acids, mainly 16:0 and 18:0, 
have high concentrations in the PLFA profile. 
 
Figure 4: Representative total ion chromatogram of the phospholipid fraction isolated from 
biofilm BF3. See Table 3 for compound identification. 
These fatty acids are common in microorganisms in general (White et al., 1997), and 
hence, do not indicate the presence of any particular microbial species. Terminally methyl 
branched fatty acids (TBFAs) were present in some of the biofilms, but was not common in 
23 
general. Only attached biofilm BF5 recorded the presence of both iso- and anteiso- 15:0 fatty 
acids. Cyclopropane fatty acid (CYFA) cy17:0 was also detected from BF5. 
Glycolipid fatty acids (GLFA) 
The results for GLFA are given in Table 4. The representative chromatogram of 
GLFA is shown in Figure 5.  
 
Figure 5: Representative total ion chromatogram of the glycolipid fraction isolated from 
biofilm BF3. See Table 4 for compound identification. 
The results for GLFA are given in Table 4. A representative chromatogram of GLFA 
is shown in Fig. 5. In the floating biofilms, except for BF9, the concentration of 
monounsaturated fatty acids (MUFAs) was higher than that of PUFAs. In few attached 
biofilms the concentration of MUFAs is slightly higher, as seen in BF7A and BF10. Different 
from PLFA, the most dominant fatty acids among the PUFAs in GLFA were 16:2 and 16:3. 
TBFAs were detected mainly in attached biofilm BF5.  
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Neutral lipids (NL) 
The results from the biofilm samples are given in Table 5 and a representative 
chromatogram of BF3 is shown in Fig. 6.  The most common biomarkers in terms of 
concentration, detected in the samples were 3,7,11,15-tetramethylhexadecan-1-ol (phytanol) 
and its isomer. The amount of phytanol is much higher than other compounds. For example, 
the concentration of phytanol is ~80% in BF4 and BF6; and > 90% in BF11. The second 
most abundant compound in this fraction was phytol. Except BF5, phytol was detected in all 
the other biofilms. Other notable compounds detected were ergosterol, ergosta-7,22-dien-3β-
ol, cholest-5,22-dien-3β-ol, β-sitosterol, and stigmasterol. They had lower concentrations and 
were scattered in all the biofilms. The most abundant of these compounds were ergosta-7,22-
dien-3β-ol, and β-sitosterol. 
  
Figure 6:  Representative total ion chromatogram of the neutral lipid fraction isolated from 




The specific biomarkers detected in the biofilms suggested the presence of particular 
types of microorganisms. Certain biomarkers also provided insights on the physiological and 
biogeochemical processes that may have occurred in the biofilms (Jahnke et al., 2004).  
Microbial composition of the biofilms 
Microeukaryotes 
Overall, the biochemical data are consistent with the overwhelming occurrence of 
phototraphic microorganisms in the biofilm communities.  Such hydrocarbons as phytadienes 
and polyunsaturated n-alkenes indicate the presence of phototrophic microorganisms, mainly 
microeukaryotes, including Euglena, algae, and cyanobacteria. All of the biofilm samples, 
except BF2, had elevated percentages of phytadienes and n-alkenes, with samples BF3–6, 
BF9, and BF10 containing over 30% phytadienes, indicative of abundant phototrophs. 
Marine and freshwater planktonic algae (particularly diatoms) are known to synthesize 
polyunsaturated alkenes in the C21-37 range with up to seven double bonds (Lee and Loeblich, 
1971; Volkman et al., 1998; Sinninghe Damsté et al., 2000; Fang et al., 2006). In the GVS 
biofilms, the concentration of 21:4 and 21:5 combined represented about 20% of the total 
hydrocarbons in BF4 and BF5, and about 60% and 75% in BF10 and BF11, respectively. The 
alkene 21:6 was most abundant in BF7A and BF8, ~19% and 17% of the total hydrocarbon 
concentration, respectively. The occurrence of polyunsaturated alkenes (C21:4, C21:5) in the 
biofilms suggest the contribution of algae to the lipid pool (Fang et al., 2007), probably from 
intact algal cells (Volkman et al., 1998) because these compounds can be rapidly degraded 
(Rontani and Volkman, 2005). 
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Biogeochemical analysis by Fang et al. (2007) detected phytol in stromatolites, 
further supporting the presence of phototrophs in the biofilms at the GVS. This biomarker is 
the isoprenoid chain of chlorophyll and is used to indicate photosynthetic biomass. Grossi et 
al. (1998) showed that phytol is readily degraded by sulfate-reducing bacteria (SRB) to a 
number of isomeric phytenes and phytadienes. The phytadienes detected in this study may 
indicate that phytol may have been locally reduced by the SRB within the biofilms under 
anaerobic conditions (Fang et al., 2007).  
There are a number of views regarding the origin of phytanol (Rontani and Volkman, 
2005). This compound may arise from (a) reduction of free phytol (Brooks et al., 1978; van 
Vleet and Quinn, 1979; Schulze et al., 2001), (b) direct input of lipids from Archaea 
(Volkman and Maxwell, 1986; Franz-mann et al., 1988), or (c) chlorophyll phytyl side chain 
reduction during digestion by animals (Sun et al., 1998). On the basis of these findings, we 
suggest that phytanol present in the GVS biofilm is likely the result of phytol reduction by 
phototrophs. So, the abundance of phytanol also indicates an abundance of phototrophs.  
PUFAs are biomarkers of phototrophic microorganisms, which include Euglena, 
algae, and cyanobacteria. In the GVS biofilms, the PUFA biomarkers represent mainly 
Euglena and algae, rather than cyanobacteria which are not abundant in this system. The 
PUFAs, on an average, constituted about 60% of the total phospholipid fatty acids. The 
detection of PUFAs 20:2, 20:3, 20:4, and 20:5 indicate the presence of protozoa (White et al., 
1997) and the elevated concentrations of fatty acids 16:2, 16:3, and 22:6 suggest the 
occurrence of diatoms (White et al., 1997; Findlay and Watling, 1998; Fang et al., 2006). The 
occurrence of fungi was indicated by fatty acids C18:2∆9,12 in both the PLFA and GLFA 
profiles. The detection of ergosterol and ergosta-7,22-dien-3β-ol in the NL profile also 
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indicate the presence of fungi.  Ergosterol is the main endogenous sterol of fungi and some 
microalgae (Puglisi et al., 2003). Its concentration is an important indicator of fungal growth 
in organic substrates (Battilani et al., 1996).  Although the biomarker data indicate the 
occurrence of fungi, it is interesting to note that fungi have rarely been observed 
microscopically in the GVS biofilms (Brake et al., 2002). The biomarker data are also 
consistent with the occurrence of diatoms at the site. The data show that the average amount 
of polyunsaturated alkenes like 21:4, 21:5, and 21:6 combined in BF8  11 is quite high 
(about 30% of total hydrocarbons), indicating contributions of algae. Although BF9 and 
BF11 have been identified as Euglena-dominated, the biomarker results suggest that algae 
are also present in these biofilms. In addition, BF9 has the highest concentration (34.2%) of 
PUFA 22:6, which also indicates of the presence of diatoms. Likewise, polyunsaturated 
alkenes are in concentrations higher than other hydrocarbons in BF6  7A, indicating 
contribution from the algal pool. Phospholipid PUFAs 16:2 and 16:3 detected in biofilms 
BF4, BF5, BF7, BF7A, and BF8, also indicate the presence of diatoms. Overall, these data 
suggest that diatoms represent an important component of the E. mutabilis-dominated 
biofilms.  
One novel finding in the GVS AMD site is the detection of wax esters (WE) which 
typically contain 25–30 carbon atoms. WE are long chain esters of fatty acids and alcohols. 
They can be synthesized under aerobic and anaerobic conditions mainly by unicellular 
protists, such as Euglena, some multicellular parasites, and a few algae (Tielens et al., 2002). 
Biological studies of cellular structure have shown that mitochondria are usually oxygen-
consuming organelles. A number of eukaryotes such as Euglena gracilis and the fungi 
Fusarium oxysporum have been known to perform  metabolic activities under anaerobic 
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conditions with their mitochondria behaving anaerobically (e.g., Tielens et al., 2002). Under 
anaerobic conditions, the WE are thought to be synthesized via an unusual pathway that is 
the reverse of β-oxidation (Hoffmeister et al., 2004), whereby, a part of the fatty acids is 
reduced to alcohols, esterified with another fatty acid, and deposited in the cytosol as wax.  
The WE at GVS are possibly contributed by the microeukaryotes, although the 
contribution from the minor prokaryotic field cannot be entirely overlooked. WE26–WE28 
are the most common wax esters in all the biofilms. BF2 contains the highest concentration 
of these compounds (~74% of the total HC fraction). It is interesting to note that biofilms 
BF8 - 11 do not record the presence of any WE. WE were also low in diatom-dominated 
benthic biofilm BF7A. Not all microeukaryotes can use the mitochondria in an anaerobic 
fashion, but as suggested by some previous studies (e.g., Tielens et al., 2002), such 
eukaryotes as Euglena gracilis do. The abundance of these biomarkers may suggest the 
possible presence of localized anaerobic conditions within the microbial biofilms. On the 
other hand, the detection of WE in the diatom-dominated biofilms may indicate that diatoms 
may be also active in producing WE. Past studies by Lund (1954) have showed that diatoms 
can survive in anaerobic conditions. Diatoms can sustain anaerobic conditions by 
maintaining extremely reduced metabolic activity (Admiraal, 1984). Some species in pure 
culture were even seen to survive for one or two months in the absence of oxygen (Jewson et 
al., 2006). Thus, possible production of WE by diatoms under localized anaerobic conditions 
is not unusual. These high-energy WE molecules play many important physiological roles 
(e.g., Tielens et al., 2002). They can be used as energy reserves, to facilitate buoyancy, or for 
thermal insulation (Nevenzel, 1970), depending on environmental conditions. Past studies 
indicate that survival of microorganisms is facilitated by the production of long-chain WE in 
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nutrient-limiting conditions (Ishige et al., 2002), and also helpful for survival during 
dehydration and desiccation cycles (Finkelstein et al., 2010).  During evaporative conditions, 
generation of WE by condensation from an acid and an alcohol also produces water, which is 
helpful for the microbial cell in such conditions (Finkelstein et al., 2010). Moreover, both 
hydrophobic and hydrophilic components are transformed into hydrophobic lipids by the 
generation of the esters (Finkelstein et al., 2010). Because the GVS is an extreme 
environment, it may not be unusual for microorganisms to synthesize WE as an adaptation 
mechanism to nutrient-limiting conditions, and possible periodic desiccation events.  
Sulfate-reducing bacteria (SRBs) 
The detection of fatty acids 8Me 16:0 and 17:1∆9 indicates the presence of SRB. 
From the PLFA profile, floating biofilms BF6 and BF9 had 0.1% and 8.6%, respectively, of 
8Me16:0. This compound was also detected in minor amounts (0.2%) in the benthic E. 
mutabilis-dominated biofilm BF5. The GLFA profile, however, did not record the presence 
of 8Me 16:0. Fatty acid C17:1∆9 was detected in both PLFA and GLFA profiles. From the 
PLFA profile, floating biofilms BF4 and BF6, and benthic biofilm BF5 record the presence 
of C17:1∆9 (0.7%, 0.2%, and 0.8%, respectively). BF5 also records the presence of this fatty 
acid in the GLFA profile. The occurrence of C17:1∆9 (in biofilms BF4, BF5, and BF6) and 
minor amounts of cy17:0 (in benthic E. mutabilis-dominated biofilm BF5) suggest the 
presence of Desulfobulbus (Taylor and Parkes, 1983) and Desulfovibrio (Londry and Des 
Marais, 2004). The detection of 16:1∆11t in samples BF5 and BF8 of E. mutabilis- and 
diatom-dominated benthic biofilms, respectively also suggests the presence of Desulfobacter 
as well as Desulfomonas acetoxidans (Dowling et al., 1986). As evident from the biomarker 
study, SRBs are not very abundant in GVS AMD, but nevertheless, they form an important 
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part of the microbial structure of the otherwise eukaryote-dominated biofilms.  Ecologically, 
these bacteria are common in anaerobic environments. Thus, SRBs are possibly present in 
localized anaerobic zones within the biofilms, at micro depths, where oxygen released by the 
phototrophic eukaryotes is absent. SRBs also form an important part of the AMD ecology in 
regulating the pH of the environment, by reducing the acid-producing sulfates to sulfides. 
   Acidophiles and Gram-positive bacteria 
Acidophiles, including Acidithiobacillus thiooxidans and Acidibacillus ferrooxidans, 
are aerobic, Gram-negative, acid-producing microorganisms (Kerger et al., 1986). They tend 
to thrive in acidic conditions. The characteristic fatty acids are cy19:0, mid-methyl branched 
fatty acids 10Me18:1 and 11Me18:1 (Katayama-Fujimura et al., 1982; Ghosh and Mishra, 
1985; Kerger et al., 1986, 1987). Since none of these biomarkers were detected, the 
acidophiles may not be actively important in building biofilms. The detection of iso- and 
anteiso-fatty acids in biofilm samples indicates the presence of Gram-positive bacteria (Fang 
et al., 2007). For example, the benthic biofilm BF5 showed the presence of all the three 
terminally-branched fatty acids i15:0, a15:0, and i17:0, as evident from the PLFA data. On 
the other hand, from the GLFA profile, BF5 records the presence of a17:0, in addition to the 
other three terminally-branched fatty acids mentioned above. Gram-positive bacteria belong 
to a wide variety of genera, and can be aerobic, facultative anaerobes, or obligate anaerobes. 
The presence of Gram-positive bacteria in GVS AMD, thus, points to the presence of diverse 
microorganisms, coexisting in this extreme environment.  
Cyanobacteria 
Squalene is a biomarker commonly found in cyanobacteria (Boon et al., 1983), where 
its occurrence is associated with bacteria, fungi, and yeast (Bird and Lynch, 1974). In GVS 
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samples BF3, BF6, and BF7A, squalene was detected in minor amounts (1.4%, 0.3%, and 
1%, respectively). Moreover, no methyl-, or ethyl-branched alkanes are found in the these 
samples. These branched alkanes are typical for cyanobacteria (Kenig et al., 1995, 2005; 
Jahnke et al., 2004). See Fang et al. (2007 for references). This suggests that there may be a 
few species of cyanobacteria; however, the low concentrations of squalene indicate that they 
occur in lower abundance. Additionally, the absence of such polyunsaturated fatty acids as 
C18:2∆12,15 and C18:2∆10,13, indicative of cyanobacteria Aphanizomenon in freshwater lakes 
(Dembitsky et al., 2001), further supports that cyanobacteria may not be very common in the 
GVS biofilms. Additionally, cyanobacteria are believed not to reside in acidic environments 
with pH < 6 (Giraldez-Ruiz et al., 1997).  
Physiologies of the biofilms 
 
The occurrence of floating and attached biofilms reflects nutrient availability in 
localized conditions within the macro environment. The extent of accretion of the biofilm on 
the water surface, or channel bottom indicates the amount of nutrient available for production 
of exopolysaccharide (EPS) and cell replication (Costerton et al., 1995). Field studies at the 
GVS have revealed that while most of the Euglena-dominated biofilms (BF2, BF4, BF6, and 
BF9) are floating, others like BF5 and BF11 are benthic. Among the diatom-dominated 
biofilms, only BF3 is floating, the rest BF7, BF7A, BF8, and BF10 are attached. Though 
variable in concentration, the phospholipid and the glycolipid fractions for BF5 revealed the 
widest range of fatty acids, in contrast to the Euglena-rich floating biofilms and to other 
attached biofilms. Biofilm BF5 was collected from a deep pool in the main effluent channel. 
Deep pools within the main channel may be affected by the delivery of solutes from the 
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water surface (Findlay and Sinsabaugh, 2006), resulting in patches of high nutrients in an 
otherwise low-nutrient environment. The floating Euglena-rich biofilms are possibly present 
in oligotrophic regions of the channel, in a nutrient-deprived state. Simultaneously, it is also 
true that the occurrence of biofilms in a floating or attached state is rather fluctuating, 
considering the fact that a floating biofilm may return to an attached state, when nutrients 
again become available (Costerton et al., 1995).  
Guckert et al. (1985, 1986) and Hood et al. (1986) suggested that the ratio of trans/cis 
of monounsaturated fatty acids can be used as an indicator of microbial community stress due 
to such factors as toxicity and contamination. The trans/cis ratio of the fatty acids is defined 
as the ratio between the total amount of two trans unsaturated fatty acids (16:1∆9t and 
18:1∆11t) and their corresponding cis isomers (16:1∆9c and 18:1∆11c) (Heipieper et al., 1995). 
The isomerization of cis into trans unsaturated fatty acids is an emergency action of 
microbial cells due to drastic changes in the environmental conditions (Loffeld and Keweloh, 
1996). 
trans/cis ratio (R):  (16:1∆9t  + 18:1∆11t)/(16:1∆9c + 18:1∆11c) 










Table 6: trans/cis ratio of biofilm biomarkers 
Biofilm RPLFA RGLFA 








BF4 (E. mutabilis-dominated, 
floating) 
- - 
BF5 (E. mutabilis-dominated, 
attached) 
~1.2 ~1.8 






















From Table 6, for attached Euglena-dominated biofilm BF5, R has a value of 1.2 and 
1.8 in the PLFA and GLFA profiles, respectively. Diatom-dominated, attached biofilms BF7, 
BF7A, and BF10 only shows values in the GLFA profile (1.2, 1.2, and 3.1, respectively). 
These values are slightly higher than similar ratios calculated in past studies. This possibly 
shows that, compared to previous findings, the attached biofilms in GVS are also somewhat 
in lesser stressed conditions, so as to produce minor amounts of trans fatty acids. BF8, which 
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is also a diatom-dominated attached biofilm, shows the value of R in both PLFA and GLFA 
profiles (0.4 and 0.6, respectively). Thus, except for the R value of 3.1 in BF10 (GLFA), the 
other numbers are smaller and range from 0.4 to 1.8, which is consistent with the fact that 
attached biofilms do not make large amounts of trans-fatty acids from the cis isomers. The 
PLFA profile does not indicate any R values for the floating biofilms. From the GLFA 
profile, both floating diatom-dominated and Euglena-dominated biofilms BF3 and BF6 show 
much higher values of 6.4 and 5.5, respectively for R, the higher values being consistent with 
previous findings that floating biofilms have higher R values. But, at the same time, the value 
of R for floating Euglena-dominated biofilm BF2 is much lower (0.9), which is inconsistent 
with published findings that floating biofilms synthesize more trans-fatty acids from the cis-
isomers (Guckert et al., 1985, 1986).  
Hence, except for BF2 and BF 10, the R values of the other biofilms are more or less 
consistent with previous findings, and the higher trans/cis ratio of the floating biofilms also 
relates to the view that the floating biofilms are in stressed conditions unlike the attached 
ones. Stress may arise from either the extreme acidic environment in the GVS, the effect of 
the metal pollutants, lower O2 tension (Law, 1971), decrease in the membrane fluidity, or a 
possible combination of two or more of these factors. The slight variations in the ratio 
between the attached or the floating groups may illustrate the duration through which the 
biofilm is undergoing stress. 
Conclusions and significance 
The lipid biomarker profiles reveal a great diversity of microorganisms within the 
biofilms in the GVS. The distribution of microorganisms in the biofilms, however, is variable 
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as evident from the distribution of biomarkers in the samples. This random and nomadic 
behavior of the biofilms is just a testimony of their resilient and flexible nature to adapt to the 
extreme conditions by efficiently detaching and attaching when it demanded. The community 
structure of the biofilms clearly reveals the dominance of phototrophs, including Euglena and 
diatom (algae), in the GVS AMD, irrespective of whether the microorganisms are preserved 
or not in the biofilm samples. The diatom (algae)-dominated biofilms seem to be equally 
abundant in the samples as compared to the Euglena-dominated biofilms, unlike previous 
records in GVS. Fungi are also recorded in most of the biofilms, but not in great numbers. 
Other microorganisms included SRB, acidophiles, and Gram-positive bacteria. Strong 
evidence for the presence of cyanobacteria was not recorded; however, they could be present 
in very minor numbers. Preliminary studies showed that the fatty acid profiles may be used 
as possible indicators of the physiology of the biofilms, and further indicating the nutrient-
conditions within the microenvironment. The trans/cis ratio could possibly be used to 
indicate floating or attached biofilms, although it may not be a self-sufficient tool to 
distinguish between the two forms. Inconsistencies in the R values were recorded for 
biofilms BF2 and BF10, and hence, more microbiological studies related to analyzing 
stressed condition in cells need to be conducted to see if the trends shown by the biomarker 
profiles are valid to study the physiology of the biofilms. 
The GVS biofilms are the living counterparts of the organosedimentary structures—
stromatolites. Fe- and Al-sediments bury the biofilms during periodic rainfall events (Brake 
et al., 2002, 2004) when the pH rises above 4.5. Thereafter, the buried microorganisms move 
up through the colloids to the sediment-water interface by means of phototactic and 
chemotactic behavior (e.g.,, Hader and Melkonian, 1983). This phenomenon is mainly 
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responsible for the formation of stromatolites in GVS AMD. Fang et al. (2007) identified 
different groups of microorganisms within the GVS stromatolites. Our study with the 
biofilms biomarkers clearly indicated that similar groups of organisms are coexisting within 
the GVS biofilms as well.  The results of this study can, thus, further our understanding as to 
how much microbial organisms in biofilms are responsible in forming stromatolites at such 
an extreme environment. Some alterations in the biomarkers from the biofilms to the 
stromatolites can be observed, mainly due to the burial effect, when the lower layers of the 
stromatolites become mostly anaerobic (Fang et al., 2007) as compared to the biofilms in 
aerobic conditions on the surface of water.  
This is the first time wax esters are detected in AMD biofilms. The discovery of wax 
esters could indicate possible presence of anaerobic conditions. Wax esters were possibly 
formed by an unusual reversal of β-oxidation pathway, which does not include malonyl CoA 
(Hoffmeister et al., 2004). It may be possible that, early eukaryotes may have had to survive 
few anaerobic events, whereby the mitochondria adapted accordingly, and in the long run of 
evolution, they preserved this physiology, and started behaving as facultative anaerobes 
when there occurred a scarcity of oxygen. The anoxic regions within a biofilm, however, are 
not fixed. The dynamic balance between consumption and diffusion of oxygen determines its 
local concentration in the biofilms (Stewart and Franklin, 2008). The concentration of 
phytenes and phytadienes can be anticipated to be more in lower stromatolite layers than 
those detected in biofilms, because these hydrocarbons are the result of phytol degradation by 
SRBs (Grossi et al., 1998).  
The results of this study will further our understanding of modern microorganisms 
thriving in AMD environments as well as ancient microorganisms known to survive extreme 
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acidic conditions in the early Earth. Lipid biomarkers like acyclic hydrocarbons, hopanes, 
and steranes, may serve as proxes to study microbial processes operating during late 
Archean–early Proterozoic, when Fe-rich stromatolites were first formed. Thus, the lipid 
analysis of this study can act as a potential analog and a contemporary database for all 
microorganisms that are living, or once lived in such similar environments. 
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Table 2: Concentration (% of total lipids) of hydrocarbons isolated from biofilms in GVS 
AMD site (blank values indicate the compound was not detected) 
 
       Compounds  BF2 BF3 BF4 BF5 BF6 BF7 BF7A BF8 BF9 BF10 BF11  
 
1. C18:3    0.2 n.d.- - - - - - - - - - 
2. Pristane    4.9 2.2 2.3 - - - - - - - - 
3. C19:1    0.7 - - - - - - - - - - 
4. Phytadiene   4.9 41.7 55.8 41.5 32.6 22.3 21.8 15.8 50.0 38.5 26.4 
5. C21:1    - 0.7 - - - - - - - - - 
6. C21:0    - 0.6 0.6 4.4 - - - - - - - 
7. C20:0    - - - - 3.3 6.9 14.5 15.1 - - - 
8. Phytene   - - - - - - 6.6 6.3 - - - 
9. C21:6    - - - - 5 6.7 19.4 17.4 - - - 
10. C21:4    0.5 7.8 19.4 9.4 4.2 2.6 2.8 1.9 - 18.9 24.5 
11. C21:5    - 1.1 1.1 12.8 6.6 3.8 12.5 6.0 - 42.6 49.1 
12. C22:1    - 0.6 0.9 - 2.8 3.9 1.0 7.6 50.0 - - 
13. C22:2    - - - - 10.9 9.7 3.5 12.3 - - - 
14. C22:0    - - - - - 0.7 - - - - - 
15. C24:3    - - - - 1.8 2.8 2.8 6.0 - - - 
16. C24:4    - - - - 5.2 5.8 3.1 11.7 - - - 
17. C25:0    - - - - - - 1.4 - - - - 
18. C26:6    - - - 8.3 - - - - - - - 
19. C27:6    - - - 2.8 - - - - - - - 
20. C26:0    - - - - - - 2.1 - - - - 
21. WE 25 (12:13)   4.7 - - - - 1.8 - - - - - 
22. C27:0    - - - - - - 1.7 - - - - 
23. WE 26 (12:14)   20.6 7.2 2.9 19.7 4.2 7.9 2.1 - - - - 
24. C30:4    - - - 1.2 - - - - - - - 
25. Squalene   - 1.4 - - 0.3 - 1.0 - - - - - 
26. WE 27 (13:14)   26.8 3.2 - - 2.2 6.3 1.0 - - - - 
27. WE 28 (14:14)   26.3 16.6 3.9 - 9.1 11.7 2.8 - - - - 
28. C32:2    - - 3.6 - - - - - - - - 
29. WE 29 (14:15)   6.6 1.5 - - - 2.6 - - - - - 
30. C31:0    - 3.0 - - - - - - - - - 
31. WE 30 (14:16)   2.7 9.1 5.5 - 5.4 4.5 - - - - - 
32. C34:1    - - 1.1 - 2.7 - - - - - - 
33. C34:2    - 1.8 2.9 - 2.8 - - - - - - 
34. WE 32 (16:16)   - 1.5 - - - - - - - - - 
 
 
Note: n.d.Not detected.  
C21:6 represents a hydrocarbon with 21 carbon atoms and 6 double bonds; WE- wax ester; e.g., WE 26 (12:14) 
represents an ester  






Table 3: Concentration (% of total lipids) of phospholipid fatty acids isolated from biofilms 
in GVS AMD site (blank values indicate the compound was not detected) 
 
Compounds  BF2 BF3 BF4 BF5 BF6 BF7 BF7A BF8 BF9 BF10 BF11  
 
1. C14:1    1.6 n.d.- - - - - - - - - - 
2. C14:0    - 0.5 0.3 0.6 0.8 1.1 1.0 1.6 4.9 0.8 - 
3. i 15:0    0.7 - - 0.1 - - - - - - - 
4. a 15:0    - 0.4 - 0.3 - 0.4 - - - - - 
5. C15:0    - - 0.2 0.4 0.4 0.6 - - - - - 
6. Phytadiene   6.1 0.9 0.7 0.6 0.2 1.8 0.7 0.9 - 2.0 - 
7. C16:2    1.3 2.0 3.7 4.3 2.7 4.4 4.3 8.3 - 2.4 2.1 
8. C16:3    3.4 10.0 13.7 12.7 11.2 11.1 16.0 6.1 - 12.9 15.1 
9. C16:1∆9c    5.4 2.4 0.6 2.5 1.0 6.3 6.4 11.8 - 3.8 1.0 
10. C16:1∆11c   - 2.5 - - - 0.3 1.9 5.4 - 1.2 2.0 
11. C16:1∆11t   - - - 1.7 - - - 0.9 - - - 
12. C16:0    31.5 28.0 21.9 22.8 24.1 24.7 19.3 19.0 5.6 24.3 22.3 
13. 8Me 16:0    - - - 0.2 0.1 - - - 8.6 - - 
14. i 17:0    - - - 0.5 - 0.7 - - - - - 
15. C17:1∆9    - - - 0.7 0.2 0.8 - - - - - 
16. cy17:0    - - - 0.2 - - - - - - - 
17. C17:0    - - 0.5 1.2 0.5 0.9 - - 4.1 - - 
18. C18:2    6.7 14.9 18.2 17.0 17.3 15.2 10.6 4.6 - 12.4 12.9 
19. C18:3    20.4 26.7 29.2 22.0 24.9 19.7 28.7 5.7 - 30.2 31.7 
20. C18:1∆9t    9.0 4.5 1.5 - - 5.9 2.1 13.7 10.5 4.6 2.8 
21. C18:1∆11t   - - - 2.9 - - - 4.4 - - - 
22. C18:0    4.3 1.2 0.6 0.9 0.7 0.9 0.9 0.9 7.5 0.8 1.1 
23. C20:4    - 0.7 0.9 0.9 2.6 1.3 4.1 7.7 - 1.4 1.0 
24. C20:5    - 2.6 2.3 3.5 5.4 3.2 4.0 7.6 - 1.4 3.2 
25. C20:2    0.9 - 0.8 0.8 1.3 0.4 - 1.5 - 0.6 2.7 
26. C20:3    - - - 0.3 0.5 - - - - - - 
27. C20:0    - - - 0.2 - - - - - - - 
28. C22:6    1.8 - 0.6 0.8 1.1 0.9 - - 34.2 - - 
29. C22:4    - 0.5 - - - - - - 3.0 - - 
30. C22:1    - - - - - - - - 17.7 - - 
31. C22:7     - 2.0 2.6 3.7 4.8 - - - - - 2.2 
32. C24:5    7.6 - - - - - - - 3.8 1.2 - 
33. C24:0    - - - 0.3 - - - - - - - 
 
 SAFA (%)   35.8  29.7 23.5 26.4 26.5 28.3 21.2 21.5 22.2 25.9 23.5 
MUFA (%)   16.0 9.4 3.8 6.1 1.2 13.3 10.4 36.2 28.2 9.6 5.8 
PUFA (%)   42.2 59.6 72.0 65.8 72.0 56.3 67.8 41.5 41.0 62.6 70.7 
TBFA (%)   - 0.4 - 0.8 - 0.3 - - - - - 
MBFA (%)   - - - 0.2 0.1 - - - 8.6 - - 
CYFA (%)   - - - 0.2 - - - - - - - 




Note: n.d.Not detected. 
SAFA: saturated fatty acid 
MUFA: monounsaturated fatty acid 
PUFA: polyunsaturated fatty acid 
TBFA: terminally branched fatty acid 
MBFA: methyl-branched fatty acid (e.g., 8Me 16:0) 




Table 4: Concentration (% of total lipids) of glycolipid fatty acids isolated from biofilms in 
GVS AMD site (blank values indicate the compound was not detected) 
 
Compounds   BF2 BF3 BF4 BF5 BF6 BF7 BF7A BF8 BF9 BF10 BF11  
 
1. C14:0   n.d.- 1.3 - - - - - - - - - 
2. i 15:0   - - - 0.2 2.0 - - - - - - 
3. a 15:0   - - - 0.4 - - - - - - - 
4. C15:0   - - - 0.5 - 6.9 - - - - - 
5. C16:2   - 2.8 - 5.3 6.3 5.7 9.6 38.7 - 4.1 - 
6. C16:3   9.3 16.1 - 10.6 31.4 9.5 21.9 5.8 - 18.7 - 
7. C16:1∆9c  8.2 2.1 - 2.7 2.8 8.6 9.6 7.9 - 4.7 - 
8. C16:1∆11t  - - - 2.7 - 1.4 - - - - - 
9. C16:0   34.0 19.7 - 6.2 10.4 6.6 9.9 6.5 42.9 10.7 - 
10. i 17:0   - - - 9.7 - - - - - - - 
11. a 17:0   - - - 4.2 - - - - - - - 
12. C17:1∆9   - - - 0.7 - - - - - - - 
13. C17:2   - - - - - 3.3 - - - - - 
14. C18:2∆9,12  - 8.6 - 11.2 13.0 11.5 6 16.2 - 8.8 - 
15. C18:1∆9t  33.0 27.6 - 0.9 - 12.1 27.4 7.9 14.3 26.1 - 
16. C18:1∆11t  7.2 13.5 - 4.9 15.4 10.7 12.1 4.9 - 14.7 - 
17. C18:0   8.2 1.6 - - - 0.5 1.1 1.4 42.9 0.7 - 
18. C20:5   - - - 1.6 5.8 1.5 2.5 - - - - 
19. C20:4   - - - 1.1 - - - 1.6 - - - 
20. C20:2   - - - 0.7 - - - - - - - 
21. C20:0   - 1.6 - - - - - - - - - 
22. C20:3   - - - 0.9 - - - - - - - 
23. C22:6   - - - - 2.7 - - - - - - 
24. C22:0   - - - - - 5.9 - 1.2 - 4.5 - 
25. C25:0   - - - 6.6 - - - - - - - 
26. C26.6   - 8.0 - 6.4 10.1 4.3 - - - 2.7 - 
27. C26:0   - - - 7.9 - - - - - - - 
28. C27:5   - - - - - 11.6 - 3.0 - 4.3 - 
29. C27:6   - - - 2.7 - - - - - - - 
30. C28:4   - - - 9.1 - - - - - - - 
 
SAFA (%)  42.3  21.3 - 21.2 10.4 23.2 11.0 9.0 85.7 15.8 - 
MUFA (%)  48.4 43.2 - 12.1 18.2 32.7 49.0 20.6 14.3 45.5 - 
PUFA (%)  9.3 35.5 - 52.3 69.4 44.1 40.0 70.4 - 38.7 - 
TBFA (%)  - - - 14.4 2.0 - - - - - - 
 
 
Note: n.d.Not detected 
SAFA: saturated fatty acid 
MUFA: monounsaturated fatty acid 
PUFA: polyunsaturated fatty acid 







Table 5: Concentration (% of total lipids) of neutral lipids isolated from biofilms in GVS 
AMD (blank values indicate the compound was not detected) 
 
 
Compounds  BF2 BF3 BF4 BF5 BF6 BF7 BF7A BF8 BF9 BF10 BF11  
 
1. 14-ol    5.7 7.9 9.0 n.d.- 1.6 1.0 - 30.2 - - - 
2. Phytanol   37.6 68.0 80.2 - 82.5 32.8 55.6 - - 76.8 91.7 
3. 17-ol    - 4.9 - - - - - - - - 
4. Octadec-cis-9,10-en-ol  - 1.3 - - - - - - - - - 
5. 18-ol    10.9 - - - 2.2 3.9 - - - - - 
6. Phytol    16.2 9.1 9.6 - 12.5 57.4 36.1 32.6 - 14.0 6.9 
7. 20-ol    15.8 - - - - - - - - - - 
8. 22-ol    9.5 - - - - - - - - - - 
9. Hexacosyloxy-1-ol  - 1.3 - - 0.6 - - - - - - 
10. Cholest-5,22-dien-3β-ol  - - - - - - 8.3 11.6 - 3.5 - 
11. Ergosterol   - - - 25.1 - - - - - - - 
12. Ergosta-7,22-dien-3β-ol  - 2.9 1.3 17.1 0.5 - - - - 2.1 1.4 
13. Stigmasterol   4.4 - - 13.9 - - - - - - - 
14. β-sitosterol   - 3.7 - 43.9 - 4.9 - 25.6 - 3.5 - 
 
 



















Table 6: trans/cis ratio of biofilm biomarkers 
Biofilm RPLFA RGLFA 








BF4 (E. mutabilis-dominated, 
floating) 
- - 
BF5 (E. mutabilis-dominated, 
attached) 
~1.2 ~1.8 
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Abstract 
 This study addresses carbon isotope ratios (δ13C) of lipid biomarkers extracted from 
biofilms in an acid mine drainage (AMD) site in Indiana. The δ13C of most of the biomarkers 
(hydrocarbons and phospholipid fatty acids) showed highly 13C-enriched values. The primary 
cause of the 13C enrichment is attributed to a carbon-limiting system that exists in the AMD 
system, whereby there is a relative decrease in the 12C uptake. The oxidation of sulfides to 
sulfates facilitated by sulfur oxidizing bacteria is thought to be the key for limiting carbon 
diffusion in the system. Both autotrophic and heterotrophic microeukaryotes were detected. 
While the autotrophs used aqueous CO2 for carbon fixation, heterotrophs either used the 
autotrophic dissolved organic carbon (DOC) or C3/C4 organic matter for the same. A model 
for movement of carbon and sulfur in the site, and their overall usage in the biogeochemical 
system could explain the δ13C values of the lipid biomarkers. The unusual reverse β-
oxidation pathway can explain the less negative δ13C values of the wax esters. In addition to 
the C-limiting conditions, variations of less negative δ13C values within different biomarkers 
can also be due to other factors such as the use of various metabolic pathways, cell size, 
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carbon diffusion, or the presence of a 13C-enriched precursor molecule during the 
biosynthesis of fatty acids. 
Introduction 
 Compound-specific carbon isotope analysis can provide important insights into the 
biogeochemical conditions under which carbon fixation occurs (Hayes, 2001; Bieger et al., 
1997; Ramos et al., 2003). It is well known that lipids are vital components of cellular 
material and various lipid biomarkers are molecular tracers to understand the origin of 
organic matter (Budge and Parrish, 1998), the nature of the source organism and the 
condition under which the lipids were biosynthesized (Weeks et al., 1993; Parrish et al., 
2000). Stable isotope ratios of lipid biomarkers can record the nature of the carbon substrate 
used, and eventually indicate the biogeochemistry involved in the particular environment. 
Compound specific δ13C analysis of phospholipid fatty acid (PLFA) biomarkers has provided 
useful information about microbial communities and their substrate usage (Boschker and 
Middelburg, 2002; Pancost and Sinninghe Damsté, 2003). Past work has addressed the 
relationship of the stable carbon isotope in prokaryotic microorganisms, but little information 
is available regarding C-isotope ratios associated with microeukaryotes, particularly for those 
species inhabiting extreme environments.  
The microbial biofilms at the Green Valley acid mine drainage site (GVS AMD) in 
western Indiana consist of a consortia dominated by benthic microeukaryotic microorganisms 
living at the sediment-water interface (Brake et al., 2002, 2004), and surrounded typically by 
an extracellular polymeric substance (EPS) (Stoodley et al., 2004). The eukaryote-dominated 
biofilms at Green Valley are unique in that, the formation of most biofilms in previous 
55 
studies in acid mine drainage sites was primarily attributed to prokaryotes (e.g., Sakata et al., 
1997; Hayes, 2001; Jahnke et al., 2001; Pancost et al., 2003). Moreover, these biofilms in 
GVS form organosedimentary structures, also called “stromatolites”. These stromatolites 
could be used as potential analogues to study the formation of first Fe-rich stromatolites 
during late Precambrian times. 
This study evaluates the nature of carbon source used by eukaryote-dominated 
microbial biofilms (BFs) at the abandoned GVS in western Indiana (Figure 1). The stable C-
isotope ratios of the fatty acid methyl esters (FAMEs) and lipid hydrocarbons (HCs) 
extracted from the total lipids provide useful information about nature of the carbon source 
used by the microbial communities and further indicate possible metabolic pathways 
followed by the microorganisms, and overall helped in better understanding the 
biogeochemistry operating in this extreme environment. 
Materials and Methods 
  Study site, sampling procedures, and description of biofilms 
The abandoned GVS was reclaimed in 1994, but despite reclamation attempts, acidic 
water discharges from multiple seeps and flows through several constructed channels lined 
with crushed carbonate rock. The pH of the acidic water ranges from 2.0 to 3.5, with high 
concentration of total dissolved solids up to 20g/l, including up to 63,000mg/l SO4-2, 
3,000mg/l Al3+, 2,300mg/l Fe+2, and up to 600mg/l Cl- (Brake et al. 2001a). Concentrations 
of trace metals are also elevated. Only one of the channels maintains continuous effluent 
flow and is hereafter referred to as the main effluent channel. 
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Figure 7: Location map of the Green Valley coal mine site in western Indiana. Sites 1, 2, and 
3 are marked as S1, S2, and S3, respectively. Biofilm 2 was collected from S1, biofilms 3 – 
7A from S2, and biofilms 8 – 11 from S3. 
Fieldwork at GVS was conducted in October, 2006, to collect eleven biofilm samples 
from the main effluent channel. The samples were collected from three sites (S1, S2, and S3), 
as indicated in Figure 7. Biofilm types (i.e., E. mutabilis-, diatom-, algae-dominated) were 
easily recognized due to their color as described by Brake et al. (2004).  Fragments of the 
biofilms were detached from the channel surface and placed into sterile tubes by scraping the 
lip of the tube over the biofilm. All the samples were stored on ice in coolers for transport. 
Biofilm samples BF2, BF4, BF5, BF6, BF9, and BF11 were dominated by Euglena mutabilis 
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cells with BF5 and BF11 occurring as attached biofilms and BF2, BF4, BF6, and BF9 as 
floating biofilm communities. Sample BF3 consisted of a unique linked chain of diatoms that 
accumulated on the surface of the effluent. Samples BF7, BF7A, and BF8 were collected 
from benthic diatom-dominated biofilms that generally had a fuzzy appearance because the 
biofilms are composed of diatoms loosely bound by copious amounts of mucilage.  Only one 
sample of algae-dominated biofilm, BF10, was collected due to the limited occurrence of this 
type of biofilm in the AMD channel during the sampling period. It consisted of long (~8 cm) 
streamers of entwined filaments.  
Stable carbon isotope analysis 
Carbon isotopic analysis was carried out from the lipid studies presented in Das 
Gupta et al. (in review). Only the FAME and the HC fractions of the biofilms sampled from 
GVS were analyzed for their C-isotope ratios. Carbon isotopic compositions were analyzed 
in a Agilent 6890 GCC interfaced with Thermo/Finnigan Delta Plus XP isotope ratio 
monitoring mass spectrometer with multiple inlet devices. Due to acute low concentration of 
the individual lipids, fewer compounds were detected by the mass spectrometer. A mix 
standard known as Schimmelmann mix A (25× dilution, squalene) was run daily at the 
beginning and end of the sample runs to check the clarity of the result. Squalene was used as 
the reference or internal standard, with known C-isotope ratio value. It also was used to 
check the column performance. The raw data were corrected using Mix A + squalene linear 
regression results and best fit for squalene standard. The GC column used was DB5-30 m, 
0.25µm diameter. The oven program for the GC was 50°C, held for 5 minutes, ramp of 
10°C/min to 120°C, held for 0.0 minutes, ramp of 5°C/min to 310°C, and held for 20 
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minutes. The inlet temperature was maintained at 250°C. The minimum amplitude for which 
results were reported was 500mV. The carbon isotopic ratio is given as: 
 
where, PDB refers to the universal standard Pee Dee Belemnite  
Results 
Carbon isotope ratios of biomarkers 
Lipid biomarkers identified by Das Gupta et al. (in review) were used for the C-
isotopic studies. The C-isotope ratios (δ13C) of the phospholipid fatty acids (PLFAs) and 
hydrocarbons (HCs) extracted from the biofilms are given in Tables 7 and 8, respectively. 
Because PLFA and HC concentrations for some compounds were below detection limits in a 
number of samples, C-isotope data were obtained for a limited number of compounds.  
Table 7 shows that C-isotope values were obtained from PLFA compounds detected 
in E. mutabilis-dominated biofilm samples BF2, 4, 5, and 6.  The data indicate that fatty 
acids in BF4 and BF5 have similar δ13C values; whereas, δ13C values for fatty acids in BF2 
and BF6 are somewhat lower as compared to those in BF4 and BF5. In BF4, the lowest value 
of δ13C was detected for the fatty acid in 18:2 (-21.5‰), and the highest value for fatty acid 
18:0 (-16.7‰). In BF5, values range from -22.4‰ for fatty acid 16:3 to -17.0‰ for fatty acid 
18:0. Lesser number of fatty acids was detected in BF2 and BF6, and δ13C values ranged 
from -23.7‰ to -26.7‰.  
δ
13C values for HC compounds in Table 8 indicate that the biofilm samples can be 
divided into three groups: samples BF7, 7A, and 8 have the least negative δ13C values (-
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12.1‰ to -15.6‰); samples BF2, 6, and 10 have the most negative δ13C values (-20.4‰ to -
29.4‰); and samples BF3, 4, and 5 have intermediate values (-16.1‰ to -23.4‰). The wax 
esters (WEs) detected within the hydrocarbons also had a wide range of δ13C values from -
15.6‰ to -24.3‰.  
Discussion 
Considering the fact that the detected biomarkers indicate an abundance of 
microeukaryotes, including Euglena, algae (diatoms), and fungi, the δ13C values of the 
biomarkers are comparable to some of the δ13C values of autotrophic biomarkers presented 
by Cowie et al. (2009). But, a number of previous studies have indicated that biomarkers 
derived from eukaryotes show more negative δ13C values, as compared to prokaryotes, the 
reasons for such depletion being dependent on cell growth, eukaryotic cell 
compartmentalization, or some unique biosynthetic pathways (Bidigare et al., 1997; Popp et 
al., 1998). The possible arguments behind the highly 13C-enriched δ13C values of the 
biomarkers are accounted for in this section. 
δ13C values of biofilm biomarkers  
The δ13C values of phospholipid fatty acids (PLFA) are given in Table 7. The δ13C 
values of fatty acids for BF4 and BF5 are similar with a maximum variation of ~2‰. 
Unsaturated fatty acids like 16:2 and 16:3 were slightly more depleted in 13C than their 
saturated counterpart in individual biofilms. Fatty acids in BF2 and BF6 have more negative 
δ
13C values as compared to those in biofilms BF4 and BF5. From specific biomarkers, the 
presence of both autotrophic and heterotrophic microeukaryotes in GVS is evident. Algae 
and diatoms, characterized by fatty acids 16:2, 16:3, 20:2, and 20:5, are autotrophic 
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microorganisms (White et al., 1997; Findlay and Watling, 1998; Fang et al., 2006), and they 
derive CO2 from water for carbon fixation. Aqueous CO2 has higher δ13C values as compared 
to atmospheric CO2, which ranges from -7‰ to -9‰. On the other hand, fungi, characterized 
by the fatty acid 18:2 (e.g., Fang et. al., 2006) are heterotrophic microeukaryotes, and derive 
carbon from dissolved organic matter in water.  It has been hypothesized that photosynthetic 
carbon isotopic fractionation is a function of the concentration of aqueous dissolved CO2 
whereby, higher CO2 concentrations result in increasing rates of discrimination against the 
heavier 13C-isotope (Korb et al., 1998). Hence, less negative δ13C values point towards a 
carbon-limiting source. Thus it is evident that the autotrophic microorganisms in BF4 and 
BF5 use a more limited source for CO2 uptake as compared to those in BF2 and BF6. 
Fluctuations in δ13C may also occur if there is a minor surficial diffusion of CO2 into the cells 
(Raven et al., 1995).  
Autotrophs, including Euglena, algae, and diatoms, in GVS, possibly use aqueous 
CO2 as the source of carbon (Boutton, 1996). As observed from Table 7, the δ13C of the 
autotrophic biomarkers like PUFA 20:5 has a wide range of values from -19.2‰ in BF4 to -
25.8‰ in BF2. Hence, autotrophs in BF4 have possibly used a more limited source of carbon 
as compared to those in BF2. Fungi, the heterotrophic member of the microeukaryotes, may 
obtain carbon from different organic sources dissolved in water. The organic matter in turn 
may be derived from C3, or C4, plants, which are characterized by specific ways of fixing 
carbon in photosynthesis (Pearcy and Ehleringer, 1984). While C3 plants tend to grow in cool 
areas with moderate temperature and sunlight, C4 plants can grow in hot and dry areas 
(Raven and Edwards, 2001). C3-species show a δ13C value ranging between -22 to -33‰, 
while in C4 species, the values are comparatively much more positive and range from -9 to -
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17‰ (e.g., Burke et al., 2003). It is important to note that ranges of δ13C values for C3, and 
C4 plants do not overlap, and the two groups differ on average by about 14‰ (Boutton, 
1996). It is possible that heterotrophs use C3 or C4-derived carbon in case of BF6, 
considering the fact that the δ13C value of the heterotrophic biomarker 18:2 (-24.7‰) is more 
negative than the δ13C ranges of C3 or C4 species, suggesting some amount of fractionation. 
But heterotrophic fungi in BF4 and BF5 may not be using a C3 source since the δ13C value of 
fatty acid 18:2 in these two biofilms are higher than those of C3 plants. Hence, either they 
may be using C4 species as a source for organic carbon, or, on a different note, it is also 
possible that they use the organic matter synthesized by the autotrophs as their primary 
carbon source (Cowie et al., 2009). Since GVS biofilms are home for both autotrophic and 
heterotrophic organisms, such a case is not unusual.   
The δ13C values of hydrocarbon (HC) compounds detected from the biofilm samples 
is given in Table 8. From Table 8, it is observed that the polyunsaturated alkenes (21:4, 21:5, 
21:6, 22:2, and 24:3) in biofilms 7, 7A, and 8 have unusually less negative values. Such 
hydrocarbons as phytadienes and n-alkenes indicate the presence of phototrophic 
microorganisms. Marine and freshwater planktonic algae (particularly diatoms) are known to 
synthesize polyunsaturated alkenes in the C21-37 range with up to seven double bonds (Lee 
and Loeblich, 1971; Volkman et al., 1998; Fang et al., 2006; Sinninghe Damsté et al., 2000). 
Hence, this may indicate that these diatom-rich biofilms use a highly CO2-limited carbon 
source. On the other hand, some autotrophs do not seem to use such depleted carbon source, 
as evident from usual more negative δ13C values of alkenes 21:4 and 21:5 in BF10.  
One novel finding in the GVS AMD site is the detection of wax esters (Das Gupta et 
al., in review). Wax esters are long chain esters of fatty acids and alcohols, and the ones 
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detected in the GVS biofilms typically contain 25-30 carbon atoms. Except for BF2, the wax 
esters also showed highly enriched δ13C values. In addition to a depleted carbon source, the 
biosynthetic pathway used for the generation of these esters may also account for these less 
negative δ13C values. These wax esters can be synthesized in both aerobic and anaerobic 
conditions mainly by unicellular protists, some multicellular parasites, and by a few algae, 
such as Euglena (Tielens et al., 2002).  
Metabolic pathways for generation of fatty acids and wax esters  
  The unusually enriched δ13C values of fatty acids and wax esters detected in most of 
the samples in the isotope study can be explained by biosynthetic pathways possibly used by 
the microorganisms to generate the esters. The wax esters in GVS AMD are synthesized 
primarily by Euglena under local anoxic conditions (Das Gupta et al., in review). The 
contribution of diatoms in forming the esters under anaerobic conditions is also a possibility, 
considering that, diatom-biomarkers have previously been recorded in anoxic regions 
(Wakeham et al., 2007). The synthesis of wax esters under anaerobic condition is thought to 
be carried out via an unusual reverse β-oxidation pathway (Hoffmeister et al., 2004), which 
involves synthesis of fatty acids from acetyl CoA at the initial stage (Figure 8).  
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Figure 8: Simplified reverse β-oxidation pathway 
 
This pathway does not involve the contribution of malonyl CoA (Inui et al., 1982); 
hence all the carbon atoms in the fatty acids synthesized come from acetyl CoA. Acetyl CoA 
in cytoplasm is used as a base unit to synthesize fatty acids. Under normal condition, where 
the synthesis of fatty acids start in mitochondria (Schneider et al., 1997) and goes into 
cytoplasm (Figure 9), the carbon atoms in the fatty acids are not all contributed by the acetyl 
CoA; only the first two carbon atoms at the terminal methyl end comes from the acetyl CoA, 




Figure 9: Model of fatty acid synthesis under normal conditions involving mitochondrion and 
cytoplasm. 
 
The unusual less negative δ13C values of PLFA and HC biomarkers detected in the 
isotope study of GVS AMD biofilms probably indicate that the whole system is carbon-
limiting. Similar results for autotrophic enrichments have been addressed by Cowie et al. 
(2009). Discrimination of 13C during inorganic carbon fixation is diminished under carbon 
limited conditions (O’Leary, 1988; Galimov, 2006). Such C-limiting conditions in turn are 
attributed to the lower pH conditions in the AMD site. The relationship between pH and δ13C 
can be explained by the equation:  
CO2 + H2O ↔ HCO3- + H+ ↔ CO3-2 + 2H+ 
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Figure 10: Pathway for fatty acid synthesis in the presence and absence of malonyl CoA 
Now, if pH is lower, equilibrium shifts left, and less CO2 will be dissolved in water. 
When autotrophs use aqueous CO2 to make sugar, less fractionation will take place, and 
subsequently values of δ13C will be less negative. Alternatively, if pH is higher, values of 
δ
13C will be more negative. C-isotope studies conducted with late Archean–early Proterozoic 
stromatolites have shown to have less negative δ13C values when amount of carbon in the 
system gets diminished (Kakegawa and Nanri, 2006). GVS biofilms, which form 
stromatolites, are thought to be analogues to such Precambrian Fe-rich stromatolites. 
Previous studies have also shown that CO2 transport to the aqueous phase was limiting under 
acidic growth conditions (Boon and Heijnen, 1998). Das Gupta (in review) noted the 
occurrence of fatty acids 16:1, 18:1, cy17:0, and cy19:0 in the biomarkers profile of the GVS 
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AMD, which is possibly indicative of the presence of  sulfur-oxidizing bacterial species 
(SOBs) within the biofilms (e.g., Kerger et al., 1986; Cowie et al., 2009). The SOBs in GVS 
oxidize sulfur to produce sulfuric acid (H2SO4), which goes into the solution and increase the 
acidity of the system. In addition to sulfur-oxidizing microbial communities, other 
photosynthetic microorganisms also contribute to acid generation by oxygenic 
photosynthesis, which drives Fe and S oxidation (Johnson, 1998; Bernier and Warren, 2005; 
Rowe et al., 2007). As indicated earlier, the sulfur is oxidized to H2SO4 during oxygenic 
photosynthesis to produce acidity. Hence, Euglena, algae (diatoms), and other oxygenic 
photosynthesizers, if present, and the SOBs play an important role in maintaining the acidity 
of the AMD system, and thereby limiting the flow of carbon into the aqueous phase. The 
generation of sulfates from sulfides also prohibits alkalinity mediated by the sulfate-reducing 
bacteria (SRBs) (Kusel et al., 2001). It has also been recorded that reduction of sulfates is 
only restricted to a zone of higher pH and lower Fe-(hydr)oxides (Blodan et al., 1998). Other 
than the possible presence of SOBs, sulfur oxidation can also be regulated by such processes 
as chemical oxidation with O2, anoxic chemical oxidation, phototrophic oxidation, and 
bacterial oxidation under anoxic conditions (Holmer and Storkholm, 2001). But whatever be 
the case, a combined C- and S-dependent biogeochemical process in the GVS AMD seems to 
be responsible for the carbon-limiting conditions in this system.  
From discussions above, it is evident that an interlinked C, S-dependent 
biogeochemical process prevails in GVS AMD, and is possibly one of the primary causes for 
the highly enriched δ13C values recorded in most of the biomarkers. Based on the results of 
this study and past work by Cowie et al. (2009), a model biogeochemical system is proposed 
(Figure 11), which depicts the flow of carbon from aqueous CO2 to autotrophs and 
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heterotrophs. It also illustrates the oxidation-reduction coupling of S-species in the 
biogeochemical system mediated by the SOBs.  
The first step in the biogeochemical model involves the uptake of aqueous CO2 by 
autotrophs. Due to carbon-limiting conditions, the bulk cell of such organisms will be 
depleted by around 10‰ (Cowie et al., 2009), resulting in a δ13C value of about -17‰ to -
19‰. From there on, a fractionation of around 0‰ to 3‰ took place between the bulk cell 
and PLFA to get the final δ13C values of autotrophic biomarkers ranging from -17‰ to -
22‰. More negative values recorded for BF2 and BF6 possibly indicate their use of less 
limiting carbon source in localized microenvironments of higher pH. The autotrophic carbon 
can be used by the heterotrophs as the carbon source (Cowie et al., 2009). If this 
phenomenon occurs, it should result in a δ13C value of -17‰ to -24‰ for the heterotrophic 
PLFA biomarker C18:2, considering a fractionation of about 0‰ to -5‰. Alternatively, 
similar values of δ13C can also be obtained if the heterotrophs use C3 or C4 organic matter, as 
depicted in Figure 11. The sulfides formed by the SRBs is taken up by the SOBs, and 
oxidized again to sulfates. These sulfates are primarily responsible for the acidity in GVS, 
thereby limiting the CO2 concentration in water. The biogeochemical system goes into a 
cycle when CO2 released by heterotrophs goes back to the aqueous phase, to be reused by 
autotrophs for carbon fixation. With lower pH, the diffusion of CO2 to the aqueous phase 
gets diminished, effectively creating a C-limiting system in the GVS AMD.  
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Figure 11: Model for carbon and sulfur flow affecting the biogeochemistry of GVS 
Conclusions 
 This research is the first instance where a large number of microeukaryotic 
biomarkers have been identified and studied for their C-isotope ratios. Never before were 
biofilm biomarkers in acid mine drainage environments studied for their C-isotope ratios. 
Moreover, in contrary to previous findings, the δ13C of the biomarkers displayed a wide 
range of extremely 13C-enriched values. While the autotrophs derived the carbon from 
aqueous CO2, heterotrophs either used the autotrophic DOC or C3/C4-derived organic matter 
as carbon source. But, in either case, all microbial communities within the biofilms are using 
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a carbon-limiting source, which results in the relative enrichment of 13C, and further reflected 
by the less negative δ13C values of the biomarkers. The oxidation of sulfide to sulfate, which 
affects the pH, is thought to be the regulating factor behind the C-limiting conditions in the 
GVS. Never before, wax esters were studied for their C-isotope ratios in an AMD system. 
The possible use of an unusual reverse β-oxidation pathway can further enrich the esters with 
13C. To summarize the results, a biogeochemical model shows the usage of carbon and sulfur 
by the microorganisms in GVS, and the way they affect the δ13C of the biomarkers.  
 AMD conditions are extreme and often toxic to microbial communities. The need to 
survive in this harsh condition generally culminates into the formation of biofilms, where 
multiple microbial communities attach together and try to make the best use of the little 
nutrient supply. The availability of nutrients in the GVS site may also be an important 
parameter affecting the δ13C values. The more limited the conditions are for growth, lesser 
will be the ability of the microbes to discriminate against the heavier carbon isotope. A study 
by Siessegger et al. (2007) showed that starving spiders were significantly enriched in both 
15N and 13C compared to the ones which had sufficient nutrient supply. δ13C value is also a 
function of the cell size (Sakata et al., 1997). If the cell size is larger, the carbon flow 
increases, and thereby, the carbon flowing to lipid biosynthesis becomes more depleted in 
13C (Sakata et al., 1997). In the GVS site, due to stressed conditions, it may be possible that 
microbial cells in the biofilms are unable to grow to a large size. Thus, with a smaller cell 
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Table 7: δ13C of fatty acids isolated from biofilms of GVS AMD 
 
Fatty acids    BF2 BF3 BF4 BF5 BF6  
 
 
1. 16:2    *  -20.6 -18.7          
2. 16:3      -19.7 -22.4 -25.0 
3. 16:0      -18.9 -18.7 -23.7 
4. 18:2∆9,12     -21.5 -17.7 -24.7 
5. 18:3      -17.5 -17.2 -24.5 
6. 18:0    -26.7  -16.7 -17.0  
7. 20:5    -25.8  -19.2 -21.5 
8. 20:2      -19.8 -19.5 
 
 







Table 8: δ13C of hydrocarbons isolated from biofilms of GVS AMD 
 
Compounds    BF2 BF3 BF4 BF5 BF6 BF7 BF7A BF8 BF9 BF10 BF11   
 
Phytadiene     * -23.4 -22.7 -22.2 -22.5 -14.3 -14.9     
21:6         -20.4  -13.6 -12.1    
21:4        -21.2 -20.5     -24.3  
21:5        -19.1 -29.4     -21.7  
22:2         -25.6 -14.9       
24:3         -23.9        
WE26     -24.3 -16.8    -16.3      
WE27     -24.3   -16.1         
WE28     -23.9 -16.3  -16.5  -15.6       
WE29     -23.2   -16.3         
WE30        -16.9         
WE32      -16.9  -16.5  
 


















CHAPTER 4. MICROBIAL BIOMASS AND COMMUNITY 
STRUCTURE OF A STROMATOLITE FROM AN ACID MINE 
DRAINAGE SYSTEM AS DETERMINED BY LIPID ANALYSIS 
 
A paper published in The Journal of Chemical Geology, 2007 
Jiasong Fang, Stephen T. Hasiotis, Shamik Das Gupta, Sandra S. Brake , and Dennis A. 
Bazylinski 
Abstract 
Lipids were extracted to determine the microbial biomass and community structure 
of a Fe-rich stromatolite from acid mine drainage (AMD) at the Green Valley coal mine site 
(GVS) in western Indiana. The distribution of biomarkers correlated well with layers in the 
laminated stromatolite. Our results show that the biomass of the top layer of the stromatolite 
was dominated by phototrophic organisms which constituted 83% of the total biomass. 
Biomass of the lower layers was dominated by prokaryotic microorganisms. The presence of 
terminal methyl-branched fatty acids and mid methyl-branched fatty acids suggests the 
presence of Gram-positive and sulfate-reducing bacteria, respectively. Fungi appear to also 
be an important part of the AMD microbial communities as suggested by sterol profiles and 
the presence of polyunsaturated fatty acids. Hydroxy fatty acids and C19 cyclopropane fatty 
acids were also detected and likely originated from acid-producing, acidophilic bacteria. The 
presence of Archaea is indicated by abundant phospholipid ether-linked isoprenoid 
hydrocarbons (phytane and phytadienes). The AMD Fe-rich stromatolites at GVS thus 
appear to be formed by interactions of microbial communities composed of all three 
domains of life; Archaea, Bacteria, and Eukarya. The identification of microeukaryote-
dominated stromatolites implicates the prominent role of these organisms in the formation 
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and preservation of these structures. In addition, the production of oxygen through 
photosynthesis by these organisms in AMD systems may be important for retrodicting the 
interaction of microbial communities in Precambrian environments in the production of 
microbially-mediated sedimentary structures and oxygenation of Earth's early atmosphere. 
Introduction 
 Stromatolites, the mineralized counterparts of mi- crobial mats (Jahnke et al., 2004), 
are thought to be one of  the  most  tangible  morphological, biological  and chemical 
evidences for life on early Earth (Hofmann et al., 1999). These laminated structures were 
widely distributed in shallow marine seas in the first 3 billion years (Ga) of Earth history 
(Walter, 1994). Much paleoenvironmental and paleobiological information is preserved in 
the microstructures of stromatolites (e.g., LaBerge, 1973). It is believed that these layered 
structures were built mainly by mat-building prokaryotes- cyanobacteria, which were 
presumably the first to develop the oxygenic atmosphere (Golubic, 1994). These structures 
may be representative of some of Earth's earliest living communities and thus may also 
provide information on the evolution of the biosphere, atmosphere and geosphere on Earth 
as well as possibly extraterrestrial bodies. 
Modern stromatolites are living analogs for studying the origin, evolution and 
distribution of life and biogeochemical processes that may leave preserved biosignatures in 
fossil stromatolites on Earth. Researchers have drawn the close resemblance of modern 
stromatolites in various  extreme  environments (hot  springs,  shallow marine intertidal 
environments, etc.) to those formed on early Earth and preserved in the geologic record 
(Jahnke et al., 2004; Burns et al., 2004). However, previous research has focused primarily 
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on interpreting the types of organisms that are represented by currently accepted microbial 
fossils of extant prokaryotes considered to be the earliest and most primitive life forms 
(Knoll, 1999) as prokaryotes dominated the early history of the Earth. Eukaryotes are often 
overlooked in the study of early Earth since their body fossils are rarely preserved in the 
geologic record. Recent work on Fe-rich stromatolites formed in acid mine drainage (AMD) 
systems provides new perspective on the role of eukaryotes in the formation of stromatolites 
and oxygenation of the atmosphere on early Earth. Brake et al. (2002, 2004) suggests that 
living stromatolites in the AMD environment may be modern analogs of Late Archean–
Early Proterozoic banded iron formation (Brake et al., 2002, 2004). The biogenic origin of 
AMD stromatolites has been demonstrated by the identification of biogenically-derived 
macrotextures and microtextures, and the presence and arrangement of microbes and their 
precipitates (Brake et al., 2002, 2004). The unique aspects of these AMD stromatolites are 
that they exhibit distinct laminated textures that were formed primarily by photosynthetic 
eukaryotes (Euglena mutabilis) (Brake et al., 2002). Thus, the AMD system offers the 
opportunity to study relatively unique aspects of biodiversity and biogeochemistry of 
modern living stromatolites (Brake et al., 2001a,b). Biomarkers found in organisms adapted 
to the AMD environment may be reliable molecular fossils for interpreting the 
biogeochemical record of eukaryotes and their contribution to the formation of stromatolitic 
deposits and the rise of oxygen in the atmosphere, both of which have been attributed to the 
action of prokaryotes and abiotic processes. 
Lipids are important biological components of prokaryotic and eukaryotic cells. 
Lipid analyses of potential ancient stromatolite analogues offer some direct evidence of their 
biogenic origin and provide invaluable insights into the microbial diversity and biological 
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activities associated with stromatolitic structures (e.g., Jahnke et al., 2004). Phospholipid 
fatty acids (PLFA) are also important structural components of microbial cells that have 
been used extensively as proxies for determining microbial biomass and community 
composition in modern microbial ecosystems (White et al., 1997; Fang et al., 2006). A great 
number of structurally and functionally diverse lipids exist in microorganisms allowing the 
extraction of taxonomic information and inference of microbial community composition. 
PLFA are degraded rapidly upon  cell death, and  therefore provide  a  real  time  analysis  of  
the  biodiversity of prokaryotic and eukaryotic communities. Lipid biomarkers are also used 
to establish possible links between modern microbial communities and their ancient 
counterparts (Brocks et al., 1999, 2003; Jahnke et al., 2004), and  indicate  the  evolutionary 
history  of  organisms, particularly in the Precambrian from which cellular or body fossils 
are very rare (e.g., Brocks et al., 2003). For instance, acyclic hydrocarbons, hopanes, and 
steranes are well-preserved biogenic molecules in the geological record that offer insights 
into the presence of specific types of microorganisms in ancient environments. The presence 
of 2α-hopanes in the 2.5-Ga-old Mt. McRae shale in the Hamersley Basin, Australia, 
provides direct evidence that cyanobacteria lived in Archean environments (Summons et al., 
1999). Steranes in 2.7-Ga-old shale from the Pilbara Craton, Australia, provided 
biogeochemical evidence for the early rise of eukaryotes and put the increase in atmospheric 
oxygen levels 0.5 to 1 Ga years prior to their microfossil record (Brocks et al., 1999). 
In this study, we use lipid biomarkers to determine microbial biomass and 
characterize the microbial communities once present in and that might be responsible for the 
construction of Fe-rich stromatolites in acid mine drainage at the Green Valley coal mine 
site (GVS) in Indiana. As far as we know, this is the first study undertaken to identify lipid 
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biomarkers as proxies for the microbial communities that may have constructed these 
stromatolites, although microbiological and neoichnological research has been on going with 
respect to the morphology and microbial communities of the Fe-rich stromatolites (e.g., 
Brake et al. 2002). In this paper, the distribution of biomarkers is discussed with reference to 
the interpretation of microbial community structure in different layers of the stromatolites. 
Materials and Methods 
Study site 
Our study site is an abandoned Green Valley coal mining site (GVS) in western 
Indiana (Figure 12). Geochemistry of AMD discharging from the site and microbial biofilm 
distribution has been monitored at GVS from 1999 to the present, with more than 200 
biofilm samples collected (Brake et al., 2001a,b, 2002, 2004). The acidic water ranges 
generally from pH 2.0 to 3.5 and contains elevated concentrations of total dissolved solids 
(TDS) of up to 20 g/l, including up to 63,000 mg/l SO2-, up to 3000 mg/l Al, up to 2300 mg/l 
Fe2+, and up to 600 mg/l Cl− (Brake et al. 2001a). Concentrations of the trace metals Pb, Zn, 
Cd, Cr, Ni, Be, and V are also elevated. Microbial diversity in this acidic water is restricted 
to a few species of protozoa, prokaryotes, and fungi due to the exceedingly toxic effects of 
low pH and high concentrations of metals. 
Two main benthic biofilm communities have been identified: a bright green biofilm 
dominated by the acidophilic, oxygenic photosynthetic protozoan E. mutabilis and an olive 
green biofilm dominated by a single species of photosynthetic diatom belonging to the genus 
Nitzschia (Brake et al., 2004). Prokaryotic cells (Gram-positive and -negative cocci and 
bacilli) were found beneath these biofilms as well as in surrounding areas. They occurred on 
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the surface of AMD-related precipitates as well-defined colonies of morphologically similar 
cells grouped together and physically separated from other colonies (Brake et al., 2002). 
Fe-rich biolaminates were collected from the study site in January 2005. We 
designated six morphologically distinct layers (A1–A6) via previous macroscopic and 
microscopic studies (Brake and Hasiotis, unpublished data; Brake et al., 2002, 2004) (Figure 
13).  
 
Figure 12: Location map of Green Valley acid mine site in western Indiana. 
The top layer (A1) contained a living, 1–2 mm thick, bright green E. mutabilis-
dominated biofilm. Visible biofilms were not observed in other deeper layers. Layer A2 is a 
1–2 mm thick, fine-grained, dense, orange-colored layer apparently composed of Fe-oxide 
precipitates. Just below layer A2 is a dark, reddish black layer of abiotictically- and 
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biotically-precipitated Fe oxides (A3). A4 is a spongy layer composed of a Fe-precipitate 
framework containing mostly diatoms with some fungi and algae (Brake et al. 2002). Layer 
5, which underlies A4, is composed of thin, wavy layers 1–3 mm thick of abiotically- and 
biotically-precipitated granular Fe oxides (Brake et al., 2002). Layer A6 is dominated by a 3-
mm-thick layer of aluminum hydroxide. 
 
 
Figure 13: Field photograph of a typical Fe-rich stromatolite removed from the effluent 
channel at GVS. A1–A6 denote the different layers examined in the lipid analysis. 
Lipid extraction and fractionation 
Total lipids were extracted at room temperature in test tubes containing a solvent 
mixture of methanol: dichloromethane (DCM):phosphate buffer (50 mM, pH 7.4) (2:1:0.8)  
(Fang and Findlay, 1996). Crude lipids were collected after phase partitioning by adding 
dichloromethane and deionized water to the test tube to a final ratio of methanol: 
dichloromethane:water 1:1:0.9. The total lipid extract was dried under a gentle stream of 
nitrogen and then dissolved in hexane:dichloromethane (70:30, v/v). Total lipids were 
separated into different lipid classes using miniature silicic acid columns (Supelco Inc., 
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Bellefonte, PA). Hydrocarbons, neutral lipids, glycolipids, and phospholipids were eluted 
with 5 mL of hexane, chloroform, acetone, and methanol, respectively. 
Lipid analysis by gas chromatography-mass spectrometry 
The neutral lipid fraction was dried under a stream of nitrogen, derivatized by 
adding 60 µL of N,O-bis(tri- methylsilyl)-trifloroacetamide, and heated at 75 °C for 30 min 
to produce trimethylsilyl ethers of sterols. Part of the phospholipid fraction was subjected to 
a mild alkaline trans-methylation procedure to produce fatty acid methyl esters (Fang and 
Findlay, 1996). The remaining part of the phospholipid fraction was acid hydrolyzed with 2 
mL of methanol:chloroform:37% HCl (10:1:1, v/v/v) at 60 °C for 14 h. The resulting ether 
core lipids were further treated with 57% HI at 100 °C for 4 h. The alkyl iodides were 
reduced to yield the corresponding hydrocarbons following the procedure of Panganamala 
et al. (1971) with 40 mg LiAlH4 powder in 1 mL of 1,4-dioxane under a nitrogen 
atmosphere. 
All lipids were analyzed on an Agilent 6890 GC interfaced with an Agilent 5973 N 
Mass Selective Detector. Analytical separation of lipids was accomplished using a 30 m × 
0.25 mm (i.d.) DB-5 MS fused-silica capillary column (J&W Scientific, Folsom, CA). The 
column temperature was programmed from 50 °C to 120 °C at 10 °C/min, then to 310 °C at 
5 °C/min, and then held for 20 min. Individual fatty acids were identified from their mass 
spectra. Sterols and triterprenoids were identified based on retention times and comparison 
with published mass spectra (Méjanelle et al., 2000). Concentrations of individual 
compounds were obtained based on the GC/MS response relative to that of an internal 
standard (C18 fatty acid ethyl ester for fatty acids and 5α-cholestane for hydrocarbons, and 
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neutral lipids). The double-bond position and geometry of monounsaturated fatty acids were 
determined by using methods described by Dunkleblum et al. (1985). Method blanks were 
extracted with each set of samples and were assumed to be free of contamination if 
chromatograms contained no peaks. A standard containing known concentrations of 26 fatty 
acids was analyzed daily on the GC–MS to check analytical accuracy (N 90%). All analyses 
were performed in duplicate to ensure reproducibility (variation ≤ 10%). 
Fatty acids are designated by the total number of carbon atoms:number of double 
bonds (i.e., a 16 carbon alkanoic acid is 16:0). The position of the double bond is indicated 
with a ∆ number closest to the carboxyl end of the fatty acid molecule with the geometry of 
either c (cis) or t (trans). The terminal methyl-branching is indicated by i (iso) or a (anteiso) 
and the mid-branching is indicated as the position of the methyl group from the carboxyl 
group of the fatty acid (e.g., 10Me16:0). Cyclopropane fatty acids are indicated by cy. 
Results 
Hydrocarbons and neutral lipids 
The AMD stromatolites are composed of layered structures (Brake et al., 2002) that 
are found in different parts of the drainage channel. The topmost layer, A1, contained the 
highest amount of hydrocarbons (298 µg/g dry wt) (Table 9). The concentration of 
hydrocarbons decreased with depth. There was a twelve-fold decrease from A1 to A2. The 
concentration change was less significant in lower layers. Major hydrocarbons detected 
included n-alkanes and -alkenes, methyl-branched alkanes, pristane, phytadienes, squalene, 
gammacerane, and β-carotene (Figure 14). The most conspicuous feature of the 
hydrocarbon fraction was the exceptional abundance of phytadienes. The three isomeric 
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phytadienes accounted for 85% of the total hydrocarbons in the top two layers (Table 9). 
Their levels were also high in layers A3–A5 (35–42%) but decreased to 4% in A6. Also 
significant was the detection of the polyunsaturated alkenes C21:3 and C21:4, whose 
relative amounts increased with depth, A1 (7.2%), A4 (16.4%), and A6 (26.1%). 
 
Figure 14: Total ion chromatogram of the hydrocarbon fraction isolated from layer A4 of a 
stromatolite from the Green Valley acid mine site. See Table 9 for compound identification 
and concentrations. 
 Concentrations of neutral lipids showed the same distribution patterns as 
hydrocarbons; the amounts of these lipids were at their highest in A1 and decreased 
substantially in lower layers (Table 10). Phytol was most abundant in A1 (26.6%), and 
relative concentrations remained high in other layers except A2. A number of C27–30 sterols 
with a methyl (or dimethyl) substitution at C24   were detected with 24-methylcholesta-5,22-
dien-3β-ol, 24-methylcholesta-8,24(28)-dien-3β-ol, and 23,24-dimethylcholest-5-en-3β-ol 
being the most abundant (Figure 15). C14–18 n-alkanols were also detected. 
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Figure 15: Neutral lipids isolated from layer A4 of a stromatolite from the Green Valley acid 
mine site. See Table 10 for compound identification and concentrations. 
Phospholipid (PLFA) and  glycolipid fatty acids (GLFA) 
Chromatograms of PLFA and GLFA from an extract of A4 are shown in Figure 16 a 
and b. Like the hydrocarbons, the concentrations of PLFA and GLFA decreased 
substantially, more than 50- (from 926 to 18 µg/g) and 70-fold (from 2139 to 30 µg/g), 
respectively, from A1 to A2 (Tables 11 and 12). Compared to the hydrocarbon profile, the 
larger difference in the concentration of fatty acids between A1 and lower layers may reflect 
the more labile nature and lower preservation efficiency of phospholipids during the 
formation of stromatolites. PLFA in the surface layer A1 were dominated by 
polyunsaturated fatty acids (PUFA) (61% of total PLFA), whereas other layers were 
dominated by monounsaturated fatty acids (37–65%) (Table 11). Major PUFA detected 
included in A1 were 18:3 (36.8%), 18:2∆9,12  (9.4%), 16:3 (5.2%), 20:5 (3.4%), and 22:5 
(2.1%). The most abundant monounsaturated fatty acid in the PLFA fraction was either 
18:1∆9 (A1), or 16:1∆9 (A2), or 18:1∆11 (A3–A6). 
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Figure 16: Total ion chromatogram of phospholipid (a) and glycolipid (b) fatty acids isolated 
from layer A4 of a stromatolite from the Green Valley acid mine site. See Tables 11 and 12 
for compound identification and concentrations. 
Also detected in the PLFA fraction was iC17:1∆7. Novel mid-methyl branched fatty 
acids (9-Me-15:0 and 8-Me-16:0) were identified based on mass fragmentation patterns 
(Abrahamsson et al., 1963). These fatty acids were only found in the lower layers (A3–A6). 
Overall, the proportions of methyl branched and cyclopropane fatty acids were low in A1, 
but increased with depth, reflecting the different microbial composition in different layers. 
Different from PLFA, GLFA in all layers were dominated by saturated fatty acids, ranging 
from 39 to 79% (Table 12). Similar to PLFA, A1 contained much higher proportion of 
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PUFA (36%). The most abundant PUFA was 16:3 (16.5%), 18:2∆9,12 (10%), and 20:4 
(2.8%). The concentration of terminal-methyl branched fatty acids increased with depth 
(Table 12). 
Phospholipid ether-linked lipids (PLEL) 
The distribution of PLEL in different stromatolite layers was different than that of 
other lipids. All layers of the stromatolite had similar archaeal lipid compositions: 
isoprenoid hydrocarbons of nC18, phytane and phytadiene. The fatty acid 16:0 was also 
detected in this fraction. The pattern of PLEL distribution in the stromatolite is similar to 
that of other lipids; total concentration of PLEL was highest in A1 and lower in other layers 
(A2–A6). 
Biomass and functional groups of microorganisms 
Biomass of five groups of microorganisms was calculated using different fatty acids: 
(1) phototrophic microeukaryotes (algae, protozoa) and cyanobacteria represented by PUFA 
16:2, 16:3, 18:3, 20:4, 20:5, 22:5, 22:6; (2) Gram-positive and other anaerobic bacteria by 
iso- and anteiso-branched fatty acids (i- and a14:0, i- and a15:0, i16:0, and i- and a17:0), (3) 
sulfate-reducing bacteria (SRB) by 10Me16:0, i17:1∆7,  17:1∆9,  and cy17:0; (4) aerobic 
Gram-negative, acid-producing bacteria (e.g., Acidithiobacillus) by cy19:0 and hydroxyl 
fatty acids; and (5) fungi, by 18:2∆9,12  (Table 3). We calculated microbial biomass by 
assuming that: (1) the phospholipids of microeukaryotes contain 50% PUFA (Wood, 1988; 
Findlay and Watling, 1998); (2) 50 µmol of PLFA represents1g C of phototroph biomass; 
and (3) 100 µmol of PLFA represents 1g C of bacterial biomass (Findlay and Dobbs, 1993; 
Findlay and Watling, 1998). No attempt was made to calculate archaeal biomass as no 
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conversion factors to our knowledge are currently available. Biomass calculated in this way 
might be lower than the actual biomass as a number of fatty acids (e.g., 16:0) that have a 
broad phylogenetic distribution are not included in such calculations. Biomass distribution 
in different layers is shown in Figure 16. The top layer appears to be dominated by 
phototrophs (83% of the total microbial biomass) with an estimated phototrophic biomass of 
61.3 mg C and a bacterial biomass of 1.05 mg C g dry wt− 1. The lower layers are dominated 
by bacteria (20–76.2%) and fungi (20.3–72.2%) (Figure 17). Fungal biomass was highest in 
A2 and A3 and remained relatively constant through the lower layers. However, the 
biomass carbon in the lower layers was at least two orders of magnitude lower than in the 
top layer. 
 
Figure 17: Variation in microbial biomass in different layers (A1–A6) of a stromatolite from 
Green Valley acid mine site in western Indiana. Microbial biomass was estimated based on 




 The detection of specific biomarkers strongly suggests the presence of a variety of 
eukaryotic and prokaryotic microorganisms within the stromatolite, a result similar to those 
obtained for other AMD sites (Bond et al., 2000; Zettler et al., 2002; Baker and Banfield, 
2003; Bruneel et al., 2006). These microorganisms form a vertically-stratified distribution 
of different physiological groups at the microscale level. 
E. mutabilis, algae, and fungi 
The distribution of lipid biomarkers present within stromatolites in the AMD at GVS 
correlated well with the layered nature of the structures. Hydrocarbons such as pristine, 
phytadienes, n-alkenes (21:3 and 21:4), and β-carotene were detected in stromatolite 
samples and indicate the presence of phototrophs, which included E. mutabilis, algae and 
cyanobacteria, in the AMD stromatolites. Further evidence for the presence of phototrophs 
is the occurrence of phytol also known to be contributed by photosynthetic organisms 
(Rontani and Volkman, 2003; Fang et al., 2006). Polyunsaturated fatty acids, representing 
the input from microeukaryotes, constituted 61% of the total phospholipid fatty acids in the 
top layer A1 (Table 11). The detection of PUFA 20:2, 20:3, 20:4 and 20:5 suggests the 
presence of protozoa (White et al., 1997). The presence of algae such as diatoms and 
haptophytes, both of which probably play an important role in the mat-building process in 
AMD systems (Brake et al., 2004), is indicated by specific fatty acids and sterol biomarkers. 
PUFA 16:2, 16:3, 22:5 and 22:6 were detected and are typically found in diatoms (White et 
al., 1997; Findlay and Watling, 1998; Fang et al., 2006). The detection of C27∆5, C27∆5,22, 
C28∆5,22 (diatom sterol) is also indicative of diatoms, whereas the presence of haptophytes is 
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indicated by the detection of C28∆5,22 and C29∆5,22 (Volkman, 1986). Marine and terrestrial 
planktonic algae (particularly diatoms) are known to synthesize polyunsaturated alkenes in 
the C21–37 range with up to seven double bonds (Lee and Loeblich, 1971; Volkman et al., 
1998; Fang et al., 2006). The most commonly found polyunsaturated alkenes in algae are n-
C21:5 and n-C21:6.  These compounds are found rarely in sediments because they can be 
rapidly degraded (Rontani and Volkman, 2003). The occurrence of these polyunsaturated 
alkenes (C21:3 and C21:4) in the stromatolite samples further suggests the contribution of 
algae to the lipid pool, probably from intact algal cells (Volkman et al., 1998). Thus, 
photosynthetic microeukaryotes appear to play a dominant role in the construction of 
stromatolites in the AMD environment at GVS. Microeukaryotes also were the dominant 
microbes at Spain's River of Fire site (Zettler et al., 2002), an acidic environment similar to 
GVS, where protists, fungi and yeasts contribute to at least 60% of the total biomass (Zettler 
et al., 2002). The GVS site differs, however, from the AMD environment at the Brukunga 
site in Australia where prokaryotes dominate the system (Ben-David et al., 2004). 
Phytadienes constituted the major proportions of hydrocarbons (35–85%) in all 
layers except A6, suggesting a dominant role of phototrophic microorganisms in the 
stromatolite formation at GVS. Biofilms dominated by E. mutabilis at GVS consist of an 
upper layer composed primarily of interwoven E. mutabilis cells in a thin undermat 
composed primarily of bacteria and lesser amounts of fungi hyphae and algal filaments 
(Brake et al., 2002). This biofilm layer is believed to be responsible for forming the thinly 
laminated Fe-rich layers observed in the stromatolites. Laboratory and field work confirmed 
that E. mutabilis communities are periodically buried by Fe and Al chemical precipitates, a 
process similar to that responsible to the construction of modern cyanobacteria stromatolites 
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(Brake et al., 2002). Phytadienes are intermediates of phytol reduction under anaerobic 
conditions (Grossi et al., 1998; Rontani and Volkman, 2003). Grossi et al. (1998) showed 
that phytol is readily degraded by sulfate-reducing bacteria (SRB) to a number of isomeric 
phytenes and phytadienes. Phytenes were not detected in the stromatolite samples, although 
the phytadiene profile is similar to the profile from in vitro sulfate reduction experiments of 
phytol (Grossi et al., 1998). This result suggests that an active phytol reduction process 
mediated possibly by SRB may be taking place in the localized, anaerobic 
microenvironment. Alternatively, it is also possible that phytadienes are contributed by 
acidophilic, autotrophic Archaea (e.g., Sulfolobus acidocaldarius) as discussed below. 
The presence of fungi is indicated by the detection of fatty acids 18:2∆9,12  and 
18:1∆9c  and sterols with 24-methyl substitution and double bonds at ∆7 and ∆8,24 (e.g., 
Méjanelle et al., 2000). The data showed that the relative abundance of fungi increased in 
the lower layers. Similar observations were made at the Brukunga site in Australian AMD 
site (Ben-David et al., 2004). Fungi are known to be more tolerant than prokaryotes of metal 
pollution and low pH conditions (Kelly et al., 1999). 
Cyanobacteria 
Cyanobacteria synthesize a number of unique lipid biomarkers including methyl-
branched alkanes (Kenig et al., 1995, 2005; Jahnke et al., 2004). The detection of dimethyl-
branched alkanes (DBA) (4,12-DiMe-C16, 4,16- DiMe-C18, and 4,18-DiMe-C20) may 
indicate the presence of cyanobacteria. These biomarkers are interesting because these 
molecules are all even-numbered, structurally symmetric and have dimethyl substitutions. 
Their presence has not been reported in previous studies of this type. It is interesting to note 
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that these DBA are only found in the top layer of the stromatolite where cyanobacteria, as 
phototrophs, are more likely to be present. This suggests that cyanobacteria may be able to 
survive in acidic conditions, possibly by residing in microzones of higher pH due to the 
intense photosynthetic fixation of CO2. Indeed, we recently isolated and cultured 
cyanobacteria from the GVS site (Mary Ann McLean, unpublished data), that further 
supports our biogeochemical results. 
Sulfate-reducing bacteria (SRB) 
Changes in the biomass (based on lipid biomarker composition) and metabolic 
activities of phototrophic eukaryotes appear to strongly influence the diversity of the 
prokaryotic community structure of the stromatolite. The biomass of phototrophic 
microeukaryotes in the top layer is more than three orders of magnitude higher than that of 
the lower layers. Because of oversaturation of the AMD effluent with oxygen produced by 
the photosynthetic activity of the phototrophs (the dissolved oxygen concentration can be up 
to 20 mg/L; Brake et al., 2001b), anaerobic SRB are, as expected, of low abundance from 
layers A1 and A2 (b 1% of total biomass). Instead, Gram-positive bacteria and acidophiles 
are the dominant prokaryotes in the top layers (Table 11; Fig. 17). Bacterial diversity 
increased as the abundance of SRB and other anaerobic bacteria increases in layers A3-A6, 
indicated by the detection of i16:0, iC17:1∆7, C17:1∆9, 9Me15:0, 8Me16:0, and 10Me16:0. 
The extreme chemistry of the AMD effluent (high acidity, high concentrations of toxic 
metals, etc.) appears to not affect the abundance of certain bacteria.  The  biomass  of  
Gram-positive bacteria,  as indicated by the presence of terminal branched fatty acids 
(Kaneda, 1991), is 310 µg of C, or 7.8 × 108  cells in A1, similar to bacterial biomass in 
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most soils (e.g., Bossio and Scow, 1998). 
Sulfate-reducing bacteria were distributed mainly in deep layers (A3–A6) as 
indicated by specific lipid biomarkers. These fatty acids include 10Me16:0, i17:1∆7, 17:1∆9, 
and cy17:0.  The occurrence of cy17:0 and i17:1∆7 suggests the presence of SRB including 
species of the genera Desulfobacter and Desulfobacterium (Londry et al., 2004), 
Desulfovibrio (Taylor and Parkes, 1983; Londry et al., 2004), and Desulfobulbus (Taylor 
and Parkes, 1983) in the stromatolite. The occurrence of 17:1∆9 is indicative of the presence 
of Desulfobulbus (Taylor and Parkes, 1983) and Desulfovibrio (Londry et al., 2004). 
Furthermore, the high amounts of 18:1∆11 in lower layers of the stromatolite suggests the 
relative increase with depth of a large Gram-negative population, possibly SRB (Londry et 
al., 2004). The high concentrations of C16 fatty acid in the PLEL fraction further suggest the 
presence of certain fermentative anaerobes such as SRB Desulfosarcina variabilis and 
Desulforhabdus amnigenus (Moore et al., 1994; Rütters et al., 2001). Thus, although the 
AMD bacterial communities are dominated by aerobic bacteria as indicated by the high 
abundance of monounsaturated fatty acids (Findlay and Dobbs, 1993), a small population of 
anaerobic bacteria including SRB is also present in the stromatolite. 
Acidophiles 
Acidophiles, including Acidithiobacillus thiooxidans and Acidibacillus ferrooxidans, 
are aerobic, Gram-negative, acid-producing microorganisms. Acidophiles play an important 
role in the formation of AMD (Silverman and Ehrlich, 1964), in microbe-mineral 
interactions, and in biogeochemical cycles of C, S, and Fe (Brake et al., 2002; Baker and 
Banfield, 2003). Characteristic fatty acids of these organisms were detected and included 
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various 17:1, 3OH-17:0, high proportions of cy19:0 (but low levels of cy17:0) and mid 
methyl-branched fatty acids (Katayama-Fujimura et al., 1982; Ghosh and Mishra, 1985; 
Kerger et al., 1986, 1987; Knief et al., 2003), suggesting the presence of acidophiles. 
Thiobacillus spp. are distinctive in that these microorganisms contain relatively high 
concentrations of cy19:0, which was named “thiobacillic acid” (Kerger et al., 1986, 1987). 
Archaea 
The occurrence of ether-linked lipids strongly suggests the presence of Archaea in the 
stromatolite. Phytane can be derived during diagenesis from phytanyl side chains of ether-
linked polar lipids (archaeol and hydroxyarchaeol; Pease et al., 1998). It has also been 
speculated that phytane may be biosynthesized by some Archaea (Schouten et al., 2000). 
Phytadiene can be generated from hydroxyarchaeol during acid hydrolysis (Ferrante et al., 
1988). Phytadienes in the PLEL fraction may be derived from acidophilic Archaea which 
are non-thermophilic relatives of thermoacidophilic autotrophic Archaea such as S. 
acidocaldarius (Tornabene et al., 1979). It is interesting to note that, compared to bacterial 
and microeukaryotic lipids, the archaeal populations exhibited much less variation versus 
depth (among different layers) of the stromatolite. 
Implications and conclusions 
Our results show that microbial communities in the AMD system at the GVS are 
composed of all three domains of life (Archaea, Bacteria, and Eukarya). Stromatolites from 
this system show a clear stratification of different microbial types and assemblages in 
different layers of laminates of the stromatolites, suggesting that these assemblages have 
different specific community functions, some clearly linked to the biogeochemical cycling 
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of carbon and sulfur. The distribution of microorganisms revealed by biomarker analysis 
correlates and is consistent with the layered structure of stromatolites achieved by more 
conventional means (Brake et al., 2002). Microeukaryotic phototrophs appear to dominate 
the microbial communities, their biomass being two orders of magnitude higher than that of 
prokaryotes. The surface biomass maximum represents the primary production of 
microeukaryotic phototrophs (E. mutabilis and algae) and is suggestive of their prominent 
role in the construction of stromatolites in AMD environments. 
AMD environments dominated by eukaryotic microorganisms that form Fe-rich 
biogenic sedimentary structures are potential analogs to study microbial processes that may 
have operated during Earth's primordial environment of the Late Archean to Neoproterozoic 
(Brake et al., 2002). AMD systems such as GVS are characterized by elevated 
concentrations of Fe2+ and other metals, moderate to high acidity and restricted microbial 
communities of relatively low diversity (Brake et al., 2002). Our results also suggest that 
lipid biomarkers indicative  of  microbial  communities that  may  have mediated the 
formation of stromatolites have a greater potential for preservation (e.g., Summons et al., 
1999) than the earliest body fossils of eukaryotes, which would have been composed of 
easily degradable cell membranes (Schopf, 2000). Novel insights on the roles of microbial 
consortia in the formation and preservation of stromatolites and the production of oxygen 
through photosynthesis in AMD systems may have significance in the understanding of the 
interaction of Precambrian microbial communities in environments that produced 
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Table 9: Concentrations (µg g− 1 dry weight sediment or floc; mole percentage in 
parenthesis) of hydrocarbons isolated from a stromatolite in GVS 
 
     Compound Concentration (µg g dry wt− 1) 
 
                                                    A1 A2 A3 A4 A5 A6 
aa 17:1 –b  – – 0.1 (0.8) – – 
b 17:0 – – – 0.1 (1.5) – – 
c Pristane 1.9 (0.7) 0.5 (2.2) – 0.1 (0.9) – 0.2 (3.3) 
d 4,12-dime-C16 3.5 (1.2) 1.0 (4.0) 0.1 (0.4) 0.1 (1.5) – 0.4 (6.1) 
e 18:1 2.6 (0.9) 0.6 (2.4) – 0.1 (1.5) – 0.3 (4.6) 
f Phytadienec 249.8 (83.9) 20.5 (85.0) 4.9 (34.8) 2.8 (42.3) 1.1 (35.5) 0.2 (3.8) 
g 19:1 – – – 0.1 (0.8) – – 
h 4,14-dime-C18 2.5 (0.8) 0.5 (2.3) – 0.1 (0.9) – 0.3 (4.7) 
i 20:0 – – – 0.1 (0.9) – – 
j 21:3 5.6 (1.9) – 0.1 (1.0) 0.7 (10.9) – 1.1 (17.4) 
k 21:4 15.8 (5.3) – 0.2 (1.7) 0.4 (5.5) – 0.5 (8.7) 
l 4,16-dime-C20 1.9 (0.7) – – 0.1 (1.1) – 0.2 (2.9) 
m 22:1 – – 0.1 (0.4) 0.1 (0.8) – – 
n 23:0 13.2 (4.4) 1.0 (4.0) – 0.2 (2.7) 0.1 (3.0) 0.3 (4.9) 
o 27:0 – – 0.2 (1.1) 0.2 (2.4) 0.3 (9.6) 0.3 (5.4) 
p 28:0 – – 0.1 (0.4) 0.1 (0.8) 0.1 (4.5) 0.1 (1.3) 
q Squalene – – 0.3 (2.1) 0.2 (3.6) – – 
r Hop-22(29)-ene – – 7.6 (53.6) 0.6 (8.5) 0.5 (14.4) 0.2 (3.5) 
s 29:0 – – 0.3 (2.4) 0.4 (5.7) 1.0 (31.0) 1.4 (22.7) 
t Gammacerane – – 0.1 (0.4) 0.4 (5.9) – 0.6 (9.6) 
u β-Carotene 1.2 (0.4) – 0.2 (1.4) 0.1 (1.0) – 0.1 (1.1) 
 
Total 298.0 24.1 14.2 6.6 3.1 6.1 
 











Table 10: Concentrations (µg g− 1 dry weight sediment or floc; mole percentage in 
parenthesis) of neutral lipids isolated from a stromatolite in GVS 
 




A1 A2 A3 A4 A5 A6 
Aa  14-ol 7.0 (8.1) –b  1.4 (13.6) –  0.3 (3.4) 0.4 (1.6) 
B 16-ol – – 2.9 (6.2) 0.5 (2.4) 0.3 (2.6) 1.0 (3.5) 
C 18-ol 21.8 (20.0) 1.9 (100) 0.2 (1.8) 0.3 (1.4) 0.4 (3.2) 0.9 (2.7) 
D Phytol 31.8 (26.6) – 1.3 (9.0) 3.0 (12.3) 0.5 (3.8) 3.2 (9.1) 
E Cholest-5-en-3β-ol 7.9 (5.1) – 1.4 (8.0) 2.3 (7.4) 1.0 (6.6) 0.9 (1.9) 
F 24-Methylcholesta-5,22(E)-dien-3β-ol 5.6 (3.5) – 0.7 (3.6) 8.6 (26.3) 0.4 (2.3) 10.5 
(22.6) G 24-Methylcholesta-8,24(28)-dien-ol 34.3 (21.3) – 2.9 (15.7) 3.7 (11.4) 0.9 (5.6) 5.4 (11.6) 
H 23,24-Dimethylcholesta-5,22-dien-3β-ol – – 0.2 (1.0) 4.7 (13.8) – 6.6 (13.7) 
I 24-Ethylcholesta-5,22-dien-3β-ol – – 0.6 (3.0) 1.6 (4.7) 1.9 (11.5) 2.3 (4.8) 
J 24-Methylcholest-7-en-3β-ol – – 0.3 (1.5) 0.3 (0.8) 0.1 (0.6) – 
K 23,24-Dimethylcholesta-5-en-3β-ol 25.7 (15.4) – 6.6 (34.0) 6.6 (19.5) 7.4 (43.7) 13.8 
(28.5) L C30 sterol with two double bonds – – 0.1 (0.6) – 0.1 (0.6) – 
M C30 sterol with two double bonds – – 0.1 (0.5) – – – 
N 4α,24-dimethyl-5β(H)-cholest-22(E)-en-
3β-ol 
– – 0.3 (1.5) – – – 
O Unknown – – – – 2.3 (16.3) – 
 
Total 134.0 1.9 16.8 31.7 15.4 44.8 
 














Table 11: Concentrations (µg g− 1 dry weight sediment or floc; mole percentage in 
parenthesis) of phospholipids isolated from a stromatolite in GVS 
 
 
Compound Concentration (µg g dry wt− 1) 
 
 


















3 i15:0 2.9 (0.2) 0.1 (0.6) 0.3 (0.5) 0.7 (1.4) 0.1 (0.5) 1.6 (2.4) 
4 A15:0 2.1 (0.1) 0.1 (0.6) 0.3 (0.7) 1.3 (2.5) 0.2 (0.9) 2.8 (4.2) 
5 15:0 5.6 (0.4) – 0.2 (0.3) 0.2 (0.4) – 0.3 (0.3) 
6 i16:0 2.7 (0.2) – 0.7 (1.3) 1.2 (2.4) – 1.8 (2.6) 
7 16:2 6.3 (0.4) – 0.3 (0.6) – 0.1 (0.6) – 
8 16:3 82.6 (5.2) – 0.3 (0.6) 0.2 (0.3) – – 
9 16:1∆9c 26.2 (1.7) 8.6 (48.2) 14.6 (27.4) 9.5 (18.4) 8.6 (37.1) 8.7 (12.6) 
10 16:1∆11c – – – – 0.1 (0.5) – 
11 16:1∆11t 42.7 (2.7) – – 0.4 (0.8) 3.5 (15.1) – 
12 9Me-15:0 – – 1.0 (1.8) – – – 
13 16:0 291.8 (18.5) 5.7 (31.7) 16.2 (30.2) 13.6 (26.0) 5.8 (24.6) 16.8 (24.1) 
14 8Me-16:0 – – 0.1 (0.1) 0.2 (0.4) 0.1 (0.2) 0.5 (0.7) 
15 i17:1∆7 15.8 (1.0) – – 0.6 (1.1) – – 
16 10Me-16:0 – – – 0.5 (1.0) 0.1 (0.3) 1.4 (1.8) 
17 i17:0 – – – 0.4 (0.8) 0.1 (0.4) 0.6 (0.9) 
18 A17:0 – – – 1.0 (1.8) 0.1 (0.4) 2.9 (3.9) 
19 17:1∆9 – – 0.1 (0.1) 0.1 (0.1) 
 
0.1 (0.1) 
20 cy17:0 – – 0.3 (0.6) 1.0 (1.8) 0.2 (0.8) 1.1 (1.5) 
21 17:0 – – 0.2 (0.3) 0.2 (0.4) – 0.2 (0.3) 
22 18:3 613.5 (36.8) – – – – – 
23 18:2∆9,12 161.9 (9.4) 0.3 (1.4) 7.3 (12.4) 3.2 (5.7) 0.8 (3.0) 3.1 (4.0) 
24 18:1∆9 181.7 (10.4) 0.4 (2.2) 4.1 (6.9) 2.9 (5.0) 0.8 (3.0) 3.4 (4.4) 
25 18:1∆11 24.8 (1.4) 2.8 (14.4) 7.1 (12.0) 11.2 (19.5) 1.8 (6.9) 15.3 (19.9) 
26 18:0 10.8 (0.6) 0.2 (1.0) 0.7 (1.2) 0.9 (1.6) 0.2 (0.8) 1.5 (2.0) 
27 3OH17:0 18.6 (1.1) – – – 0.4 (1.4) 1.6 (2.0) 
28 cy19:0 1.9 (0.1) – 1.5 (2.4) 3.7 (6.1) 0.7 (2.4) 7.6 (9.4) 
29 20:4 13.8 (0.8) – 0.1 (0.2) 0.4 (0.6) – 0.3 (0.4) 
30 20:5 60.9 (3.4) – 0.3 (0.4) 0.2 (0.4) – 0.2 (0.3) 
31 20:2 9.9 (0.5) – – – – – 
32 20:3 17.1 (0.9) – – – – – 
33 22:6 18.4 (0.9) – 0.2 (0.2) 0.1 (0.1) – – 
34 22:5 43.7 (2.1) – 0.2 (0.4) 0.1 (0.1) – – 
35 24:0 – – – 0.3 (0.4) – – 
 Total 1673.1 18.1 55.6 54.5 23.8 73.1 
 
SAFA (%) 20.6 32.7 32.1 30.1 26.4 28.2 
 
MUFA (%) 17.3 64.8 46.4 43.8 62.7 37.0 
 
PUFA (%) 60.4 1.4 14.7 7.3 3.0 4.7 
 
TBFA (%) 0.5 1.1 2.5 9.4 2.8 14.5 
 
MBFA (%) 0.0 0.0 1.9 1.4 0.5 2.6 
 
CYFA (%) 0.1 0.0 2.9 7.9 3.2 10.9 
 
OHFA (%) 1.1 0.0 0.0 0.0 1.4 2.0 
 





Table 12: Concentrations (µg g− 1 dry weight sediment or floc; mole percentage in 
parenthesis) of glycolipids isolated from a stromatolite in GVS 
 
Peak Compound Concentration (µg g dry wt− 1) 
 
# A1 A2 
1a 14:0 27.9 (1.5) 0.5 (1.8) 
A3 A4 A5 A6 
2.6 (3.8) 2.7 (3.7) 0.5 (3.0) 4.6 (3.8) 
2 i15:0 5.8 (0.3) 0.4 (1.6) 2.3 (3.1) 5.5 (7.2) 0.4 (2.0) 10.4 (7.6) 
3 a15:0 1.7 (0.1) –b  0.8 (1.1) 2.3 (3.1) 0.2 (1.3) 3.2 (2.3) 
4 15:0 6.7 (0.3) 4.0 (14.6) 0.4 (0.6) 0.5 (0.7) 0.1 (0.6) 0.8 (0.6) 
5 i16:0 – – 0.7 (1.1) 0.5 (0.6) – – 
6 16:2 30.0 (1.5) – 0.3 (0.5) 0.8 (1.1) – 1.0 (0.7) 
7 16:3 330.0 (16.5) – 0.9 (1.1) 0.3 (0.4) 0.1 (0.5) 0.3 (0.2) 
8 16:1∆9c 24.6 (1.2) 3.0 (10.6) 5.6 (7.2) 15.7 (19.5) 1.4 (6.8) 22.8 (15.7) 
9 16:1∆11c – – – – – 1.0 (0.8) 
10 16:0 690.6 (33.8) 6.3 (21.9) 27.9 (36.1) 23.9 (29.4) 6.0 (29.8) 41.2 (28.4) 
11 a17:0 – – – 1.2 (1.4) 0.1 (0.5) 1.7 (1.2) 
12 17:0 – – 0.3 (0.3) 0.3 (0.4) 0.1 (0.4) – 
13 18:3 23.6 (1.1) – – – – – 
14 18:2∆9,12 241.7 (10.0) – 6.5 (7.7) 4.3 (4.8) 12.7 (12.3) 9.7 (6.1) 
15 18:1∆9 529.9 (23.5) 1.9 (6.0) 8.8 (10.4) 4.6 (5.1) 1.6 (7.4) 7.3 (4.7) 
16 18:1∆11 – 0.9 (2.7) 3.0 (3.5) 2.5 (2.9) 0.8 (3.4) 4.4 (2.8) 
17 18:0 76.4 (3.4) 11.9 (37.3) 3.9 (4.5) 2.8 (3.1) 1.3 (5.8) 9.1 (5.6) 
18 20:5 15.1 (0.6) – 0.4 (0.5) 2.5 (2.7) 0.1 (0.4) 3.6 (2.1) 
19 20:4 65.6 (2.8) – 0.6 (0.7) 0.8 (0.9) – – 
20 20:2 12.7 (0.6) – – – – – 
21 20:3 14.0 (0.8) – 0.4 (0.4) 0.2 (0.2) – – 
22 20:0 – – 17.0 (18.0) 11.2 (11.3) 5.8 (23.5) 25.1 (14.2) 
23 22:5 18.6 (0.7) – 0.2 (0.2) – – – 
24 22:6 40.9 (1.5) – 0.3 (0.3) – – – 
25 22:0 – – – 0.6 (0.6) 0.4 (1.6) – 
 
Total 2138.8 29.6 82.0 82.4 22.2 154.3 
 
SAFA (%) 39.0 79.2 63.3 49.5 66.1 56.4 
 
MUFA (%) 24.7 19.2 21.1 28.2 17.3 23.8 
 
PUFA (%) 35.9 0.0 11.4 10.1 12.9 8.8 
 
TBFA (%) 0.4 1.6 4.2 12.2 3.7 11.0 
 









CHAPTER 5. OVERVIEW OF LIPID BIOMARKER STUDY OF TWO 
GVS STROMATOLITE SAMPLES 
 
Introduction and organization 
 Two stromatolite samples (S1 and S2) were collected from the GVS along with the 
biofilm samples during the field trip on October 7th, 2006. Four layers (A1–A4, top to 
bottom), were separated from each of the stromatolite samples in the laboratory at Iowa 
State University. Lipid analysis was carried out with the layers using the same procedures as 
described under “Lipid extraction and fractionation” and “Lipid analysis by gas 
chromatography-mass spectrometry” sections in “Materials and methods” in chapter 2. The 
results obtained are discussed in the next section.  
 This work is very similar to the one carried out by Fang et al. in 2007, described in 
details in Chapter 4. Hence, the introduction and the background work are not repeated in 
this chapter. The results in the form of tables (Tables13-16) are given at the end of the 
chapter. Discussion is concise and based on the four lipid fractions, namely hydrocarbons 
(HC), phospholipids (PL), glycolpids (GL), and neutral lipids (NL). Finally, the chapter 
ends with a brief conclusion of this study. 
Results and discussion 
 Hydrocarbons (HC) 
 The list of hydrocarbons recorded in the four layers of stromatolite samples are 
given in Table 13. The top three layers (A1 ̶ A3) were enriched in phytadienes, relative to 
the bottom most layer A4. It is notable that the concentration of phytadienes in A3 is more 
than that in A2 in both the samples. The number of n-alkenes detected is much lower as 
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compared to the biofilm samples. While in S1, layer A3 contained the maximum amount of 
alkenes 21:4 and 21:5, in S2, they were more or less evenly distributed in the four layers. 
Squalene was much more abundant as compared to the biofilms. Wax esters were detected 
mostly in the lower layers. WE26 and WE28 were the most abundant. 
The high concentration of phytadienes in the stromatolite layers indicated that it is 
dominated by phototrophs, but phytadiene concentration decreases gradually down the 
layers. The presence of n-alkenes C21:4 and C21:5 were variable in the two stromatolite 
samples. The results showed that, in S1, the algal community is present mostly in the top two 
layers, whereas, in S2, it is much more abundant and more or less uniformly present in all the 
layers. The presence of squalene may indicate some contribution from cyanobacterial mats 
(Boomer et al., 2002) in stromatolite formation, as squalene has often been found in 
cyanobacterial mats (Rontani and Volkman, 2005; Fang et al., 2006; Jungblut et al., 2009). 
  As discussed before in previous chapters, presence of wax esters possibly indicated 
anaerobic condition within the stromatolitic layers. The concentration of wax esters increased 
from A1 to A4, possibly because oxygen gets depleted down the layers. An increase in the 
concentration of phytadienes in the second and third layer of S2 may be because these 
compounds were being synthesized as intermediates of phytol reduction under anaerobic 
conditions (Grossi et al., 1998; Rontani and Volkman, 2005).  
 Phospholipids (PL) and glycolipids (GL) 
  The top two layers were most abundant in PUFAs, if the PLFA profile is considered 
(Table 14). On the other hand, the GLFA profile (Table 15) shows an abundance of MUFAs 
over PUFAs in most of the stromatolite layers. MUFA 18:1∆9 is the most abundant among 
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the monounsaturated fatty acids, followed by 16:1∆9, and 16:1∆11. 18:1∆11 was detected in 
the glycolipid profile, but not in the phospholipid profile.  
 The large concentration of PUFAs indicates the presence of phototrophs, including 
microeukaryotes, and terrestrial planktonic algae (particularly diatoms). Polyunsaturated fatty 
acids 18:2 and 18:3 were present in all the layers as evident from the PLFA profile. This may 
indicate the presence of eukaryotes including fungi or cyanobacteria (Boon et al., 1996), 
although the presence of cyanobacteria may be in minor amounts. The detection of PUFAs 
20:2, 20:4, and 20:5 suggests the presence of protozoa (White et al., 1997). Fatty acids 16:2, 
and 16:3 were detected in a large amount, indicating the presence of diatoms (White et al., 
1997; Findlay and Watling, 1998; Fang et al., 2006).  
 A3 showed an even distribution of all saturated, monounsaturated, and 
polyunsaturated fatty acids (about 30% of each type of fatty acid). This indicates that the 
number of microbial communities is probably the highest in this layer, where different 
microorganisms biologically coexist.  
 Except the topmost layer, all the other three layers have recorded the presence of 
10Me16:0, 17:1∆9, and i16:0, as evident from the PLFA profile. This indicates that sulfate-
reducing bacteria are uniformly present in the bottom layers, specially 2 and 3.  
 The detection of terminally branched fatty acids, mainly i15:0, i16:0, and a16:0 
indicates the presence of Gram-positive bacteria, mostly in the lower layers.  
 3OH-17:0, was detected in layer 2 in the PLFA profile. This is a biomarker for Gram-
negative bacteria (Wilkinson, 1988). Along with that, cy19:0 was also detected in most of the 
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lower layers in both PLFA and GLFA profiles. This confirms the presence of acidophiles in 
the lower layers, as we discussed earlier. The acidophile Thiobacillus spp. is distinctive in 
that these microorganisms contain relatively high concentrations of cy19:0, which was, thus, 
named thiobacillic acid (Kerger et al., 1986, 1987). 
Neutral lipids (NL) 
As evident from the NL lipid profile of the stromatolite samples (Table 16), the 
detection level of the compounds in the different layers was quite low. The presence of 
phytanol and phytol indicated the abundance of phototrophic microeukaryotes in the 
stromatolites. Other microbial communities could not strongly be indicated by studying the 
NL profile alone. 
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Table 13: Concentration (% of total lipids) of hydrocarbons isolated from stromatolite 1 (S1) 
and stromatolite 2 (S2) in GVS AMD site  
  
 Compounds  S1A1  S1A2  S1A3  S1A4  S2A1  S2A2  S2A3             S2A4
        
1. Phytadiene 28.5  14.5  16.7  6.9  23.3  14.8  25.5  12.1 
2. Pristane  n.d.-  -  -  2.8  -  -  12.9  27 
3. C21:0  5.2  1.9  -  -  3.2  2.4  7.2  26 
4. C21:4  19.9  4.1  33.3  9.7  15.5  7.5  10.8  15.3 
5. C21:5  31.2  4.9  27.7  5.6  25.9  9.2  8.4  12.1 
6. C23:0  -  -  -  5.6  3.2  -  -  - 
7. C24:0  -  -  -  6.9  1.9  -  -  - 
8. C24:4  -  -  -  -  4.9  -  -  - 
9. C28:4  2.1  -  -  -  9.4  -  -  - 
10. C25:0  -  -  -  6.9  2.6  -  -  - 
11. C26:0  -  -  -  6.9  2.6  -  -  - 
12. WE 25(12/13) -  4.6  -  1.4  -  3.7  -  - 
13. C27:0  -  -  -  6.9  2.9  -  -  - 
14. WE 26 (12/14) 5.2  18.7  11.1  8.4  -  15.2  5.5  1.4 
15. C28:0  -  -  -  5.6  1.9  -  -  - 
16. Squalene 3.2  13.5  5.6  6.9  -  12.2  6.9  2.8 
17. WE 27(13/14) -  0.5  -  4.2  2.7  -  2.5  - 
18. WE 28(14/14) 4.7  24.7  5.6  8.3  -  21.8  11.2  3.3 
19. C30:0  -  -  -  5.6  -  -  -  - 
20. WE 29(14/15) -  4.6  -  -  -  4.6  3.7  - 
21. WE 30(14/16) -  7.3  -  1.4  -  7.5  5.4  - 
22. WE 32 (16/16) -  0.7  -  -  -  1.1  -  -
         
 
Note: n.d.Not detected.  
C21:5 represents a hydrocarbon with 21 carbon atoms and 5 double bonds; WE- wax ester; e.g., WE 26 (12:14) 
represents an ester of C12 fatty acid and C14 alcohol; A1-A4 are the four layers in stromatolite samples, from top 










Table 14: Concentration (% of total lipids) of phospholipid fatty acids isolated from 
stromatolite 1 (S1) and stromatolite 2 (S2) in GVS AMD site  
 
Compounds  S1A1  S1A2  S1A3  S1A4  S2A1  S2A2  S2A3             S2A4 
1. i 14:0  n.d.-  -  -  -  -  -  -  0.4 
2. C14:0  0.3  0.5  -  -  0.2  0.8  2.1  1.0 
3. i 15:0  -  -  -  -  -  0.3  0.7  1.0 
4. a 15:0  -  -  -  -  -  0.8  2.0  1.9 
5. C15:0  0.3  0.3  2.4  -  1.4  0.4  0.7  - 
6. i 16:0  -  -  -  -  -  0.5  1.0  1.4 
7. a 16:0  -  -  -  -  -  -  2.3  1.9 
8. C16:2  5.1  5.4  2.4  -  3.7  4.6  2.2  2.3 
9. C16:3  22.6  18.2  6.1  -  23.1  15.2  1.9  5.8 
10. C16:1∆9  2.2  4.5  12.2  -  1.6  5.4  16.5  11.7 
11. C16:1∆11 -  -  -  -  -  1.6  1.0  1.0 
12. C16:0  17.7  14.7  20.7  -  17.2  19.4  21.3  18.7 
13. 10Me 16:0 -  -  -  -  -  0.3  1.3  1.6 
14. i 17:0  -  -  -  -  -  -  -  0.8 
15. a 17:0  -  -  -  -  -  0.3  1.9  1.8 
16. C17:1∆9  -  0.6  -  -  -  0.5  1.5  1.0 
17. cy 17:0  -  -  -  -  -  -  -  0.6 
18. C18:2∆9,12 11.7  11.0  6.1  -  10.5  11.4  5.1  5.4 
19. C18:3  33.2  30.9  20.7  -  37.5  27.1  7.1  13.2 
20. C18:1∆9  4.1  8.6  15.9  -  4.0  -  10.7  12.6 
21. C18:0  1.0  1.4  6.1  -  0.7  1.1  1.3  1.6 
22. 3OH 17:0 -  -  -  -  -  1.4  -  - 
23. cy 19:0  -  1.5  6.1  -  -  2.0  7.0  8.4 
24. C20:4  0.4  0.7  1.2  -  0.7  2.8  7.1  2.5 
25. C20:5  0.5  1.5  -  -  1.0  2.8  4.2  2.3 
26. C20:2  -  -  -  -  -  0.5  0.4  - 
27. C21:3  0.8  -  -  -  -  2.3  1.0  1.2 
28. C24:0  -  -  -  -  -  -  0.8  - 
 
SAFA (%)  19.3  17.0  29.3  -  19.8  21.7  26.3  21.2 
MUFA (%)  6.3  13.8  28.1  -  3.8  7.5  28.3  26.3 
PUFA (%)  74.4  67.7  36.6  -  76.4  65.2  29.1  32.7 
TBFA (%)  0  0  0  -  0  1.9  8.0  9.2 
MBFA (%)  0  0  0  -  0  0.3  1.3  1.6 
CYFA (%)  0  1.5  6.0  -  0  2.0  7.0  9.0 
 
 
Note: n.d.Not detected. 
 
SAFA: saturated fatty acid 
MUFA: monounsaturated fatty acid 
PUFA: polyunsaturated fatty acid 
TBFA: terminally branched fatty acid 
MBFA: methyl-branched fatty acid (e.g., 10Me 16:0) 




Table 15: Concentration (% of total lipids) of glycolipid fatty acids isolated from stromatolite 
1 (S1) and stromatolite 2 (S2) in GVS AMD site  
 
       Compounds  S1A1  S1A2  S1A3  S1A4  S2A1  S2A2  S2A3             S2A4 
1. C14:2  n.d.-  -  1.7  0.8  -  -  -  - 
2. C15:1  -  -  -  0.8  0.2  -  0.3  0.5 
3. i 15:0  -  -  1.7  0.8  -  -  -  - 
4. C16:2  9.6  6.6  3.4  3.3  5.4  6.1  3.7  3.2 
5. C16:3  3.9  21.3  -  3.3  29.6  23.9  0.9  4.3 
6. C16:1∆9  2.9  3.3  10.2  8.3  2.2  4.5  11.8  8.1 
7. C16:1∆11 -  -  -  0.8  2.3  0.4  0.4  1.6 
8. C16:0  3.8  6.2  18.6  13.2  2.3  6.6  13.1  10.8 
9. C18:2∆9,12 15.1  11.8  15.3  15.7  7.3  9.2  -  - 
10. C18:1∆9  45.1  25.4  5.1  8.3  35.3  29  2.3  6.8 
11. C18:1∆11 11.7  12.3  20.3  15.7  12.2  11.3  14.7  26.4 
12. C18:0  0.9  1.2  5.1  4.1  0.5  0.6  0.9  1.8 
13. cy 19:0  -  -  3.4  1.7  0.6  0.4  0.6  0.8 
14. C21:3  -  -  -  2.5  0.4  1.3  4.4  - 
15. C20:5  2.7  2.0  1.7  2.5  1.6  -  2.4  - 
16. C22:0  -  3.9  8.5  9.1  -  3.5  20.4  14.0 
17. C26:6  2.5  -  -  -  -  -  -  - 
18. C27:6  -  -  -  -  -  -  13.0  - 
19. C27:5  1.8  6.2  5.1  9.1  -  3.0  11.1  10.2 
 
SAFA (%)  4.7  11.3  33.9  26.5  2.8  10.7  34.4  26.6 
MUFA (%)  59.7  40.9  35.6  33.8  52.3  45.4  29.5  44.1 
PUFA (%)  35.6  47.8  25.4  37.2  44.3  43.5  35.6  28.2 
TBFA (%)  0  0  1.7  0.8  0  0  0  0 
CYFA (%)  0  0  3.4  1.7  0.6  0.4  0.6  1.8 
 
 
Note: n.d.Not detected. 
 
SAFA: saturated fatty acid 
MUFA: monounsaturated fatty acid 
PUFA: polyunsaturated fatty acid 
TBFA: terminally branched fatty acid 






Table 16: Concentration (% of total lipids) of neutral lipid fatty acids isolated from 
stromatolite 1 (S1) and stromatolite 2 (S2) in GVS AMD site 
 
       Compound    S1A1 S1A2 S1A3 S1A4 S2A1 S2A2 S2A3 S2A4 
1. 14-ol    n.d.- - - - - 0.3 - - 
2. Phytanol   64.0 56.3 56.5 37.3 77.3 43.7 41.1 58.6 
3. 16-ol    - - - - - 0.5 - - 
4. Phytol    36.0 43.7 43.5 62.7 22.7 46.9 58.9 41.4   
5. Cholest-5,22-dien-3β-ol  - - - - - 3.5 - - 
6. Ergosta-7,22-dien-3β-ol  - - - - - 1.7 - - 
7. β-sitosterol   - - - - - 3.4 - - 
 
















CHAPTER 6. GENERAL CONCLUSIONS 
General Discussion 
Lipid biomarker study carried out in this research indicated the clear evidence of the 
presence of microeukaryotes, including algae, diatoms, and fungi, in the AMD GVS. Most of 
the biofilms were dominated by phototrophic microorganisms. Other microbial communities 
included sulfate-reducing bacteria, acidophiles, and Gram-positive bacteria. Strong evidence 
for the presence of cyanobacteria was not recorded; however, they could be present in minor 
numbers. The discovery of wax esters within the hydrocarbon fractions of the biofilms could 
indicate the possible presence of anaerobic conditions. The detection of SRBs definitely 
suggests the presence of localized anoxic conditions. Wax esters were possibly formed by an 
unusual reversal of β-oxidation pathway, which does not include malonyl CoA (Hoffmeister 
et al., 2004). A novel phototrophic biomarker phytanol was detected in the NL fraction 
having the highest concentration amongst all other sterols. The fatty acid profiles also proved 
to be a possible indicator of the physiology of the biofilms, and further indicating the 
nutrient-conditions within the micro-environment. The trans/cis ratio could possibly be used 
to indicate floating or attached biofilms, although further studies need to be done. There were 
not much spatial variations within the biofilms in the sampled sites, since most of them 
indicated the dominant contribution from phototrophs. Similar results were obtained from the 
stromatolitic samples, where they recorded the dominant concentration of phototrophs. 
Lower layers were mostly anaerobic, as evident from the presence of SRB. Layer 3 showed 
the presence of maximum number of various biomarkers.  
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The δ13C values of the HC and FAME biomarkers in GVS showed unusually high 
positive values. While the autotrophs derived the carbon from aquous CO2, heterotrophs 
either used the autotrophic DOC or C3/C4-derived organic matter as carbon source. An 
overall biogeochemical model was proposed to explain the flow of carbon in GVS. This 
study also indicated that GVS is a carbon limiting system, the uptake of heavier or lighter 
carbon by microorganisms being primarily depended on pH. The reverse β-oxidation 
pathway could be a possible pathway for production of wax esters. The stressed conditions in 
the AMD environment, the shortage of nutrient supply, and possibly the small size of the 
stressed cells could also account for the enriched δ13C values of the biomarkers. 
Recommendations for future research 
This research has opened the scope for vital future works. A few proposals are given 
below: 
(a) The abundance of microeukaryotes in the biofilms has been indicated by this 
research. But the spatial and temporal variations within the biofilms have not yet been 
studied. This can be an interesting topic for research, exploring the changes in 
concentrations of biomarkers with space and time, and if any novel biomarkers can be 
found in the changing environmental conditions in the GVS AMD site. 
(b) Brake et al. (2002) determined that Euglena mutabilis, one of the main 
microeukaryotes present in GVS contributed iron to the Fe-stromatolites. The lipid 
biomarker study in this research strengthened the dominant presence of eukaryotes in 
this site. As an interesting research, iron ore samples from the Banded Iron 
Formations (BIF) from the Archaean-Proterozoic can be collected and analyzed for 
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the biomarkers present in it. Presence of identical biomarkers detected during this 
study may possibly indicate similar environmental conditions during the early times, 
when iron ore formations were formed on Earth in a biogenic way, the 
microeukaryotes being the primary contributor of iron to the formations. 
(c) The δ13C values showed interesting results, being highly enriched in 13C. Only one 
such similar result had been recorded by Cowie et al. (2009). Further microbiological 
studies need to be done to explore the metabolic pathways used by the 
microorganisms in such extreme conditions. Not many studies have been conducted 
with stable carbon isotope analysis of biofilm biomarkers in highly acidic 
environment. Hence, more research has to be done to understand the complex 
biogeochemical interactions between the microbiological and the physical 
environment.  
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